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Playa lakes are arid region ephemeral bodies of water that have been found in 
association with important archaeological sites. These lakes produce distinct sediments 
in response to changing hydrological and environmental conditions. To provide the 
means to more effectively study playa lake sediments, I developed an analytical protocol 
and a model that utilizes micromorphology and grain size distribution analysis of thin 
sections to identify and interpret paleo-playa lake phases preserved in intact 
archaeological deposits. To assess the potential of the analytical procedure, I applied it 
to thin sections collected from Earlier Stone Age deposits at Wonderwerk Cave, South 
Africa, where a playa lake system existed in proximity to the cave. The results of the 
study show that sediments produced during different playa lake phases can be 
distinguished according to a specific set of criteria identifiable through micromorphology 
and grain size distribution analysis.  
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Stone Age  
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Chapter 1.  
 
Introduction 
The reconstruction of past environments is an essential component of 
archaeological investigations. Such reconstructions can be used to frame human-
environment interactions at a variety of time scales and are thus important in 
understanding the processes of human evolution (Levin 2015; National Research 
Council 2010; Potts 1998a, 2013; Thomas and Burrough 2012).  As new data are 
produced, our understanding of environmental drivers of evolution becomes increasingly 
refined, but also increasingly complicated.  
Today many researchers are shifting away from the idea that hominin evolution 
occurred on a single trajectory as a series of successive adaptations to long-term 
climate and vegetation shifts (e.g., opening forested landscapes suggested by the 
Savanna Hypothesis) (Bobe and Behrensmeyer 2004; Levin 2015; Maslin et al. 2014; 
Potts 2012, 2013). Accordingly, there is an increased emphasis on the investigation of 
mosaic habitats — heterogeneous landscapes with spatially and temporally variable 
vegetation and conditions — and their role in the origin of the genus Homo (Bailey et al. 
2011; Kingston 2007; Potts 1998a; Reynolds et al. 2011; Reynolds 2015; Winder et al. 
2013). The recognition of lake environments as an important component of mosaic 
habitats is now a prominent feature in paleoenvironmental reconstructions of early 
hominin locales (Ashley et al. 2009; Bailey et al. 2011; Cuthbert et al. 2017; Levin 2015; 
Menotti 2012; Nicholas 1998; Reynolds et al. 2011; Reynolds 2015; Trauth et al. 2010; 
Winder et al. 2013). Evidence for this relationship extends back to the Plio-Pleistocene 
and persists into the present (Ashley et al. 2010; Bamford et al. 2006; Menotti 2012:27, 
58; Nicholas 2012:762, 766; WoldeGabriel et al. 2001).   
In this thesis I explore one means of reconstructing the evolution of a playa-lake 
system that existed throughout the Earlier Stone Age in the proximity of Wonderwerk 
Cave, South Africa (Goldberg et al., 2015). I designed and tested a multi-faceted 
protocol0F1 based on micromorphology and grain size distribution analysis to identify and 
 
1 Referring to a set of procedural methods. 
2 
describe sediments associated with phases of the playa lake system. Thus, through the 
application of this analytical protocol and the identification of playa lake phases, this type 
of study has the potential to contribute to a greater understanding of environmental 
variables that existed at archaeological sites.   
The archaeological site of Wonderwerk Cave, located in the Northern Cape 
Province of South Africa, offers an important opportunity to test a protocol aimed at the 
identification of playa lake sediments. Within the sediments of Wonderwerk Cave, traces 
of the evolution of the landscape since the early Pleistocene are recorded. 
Geoarchaeological investigations at the site indicate the presence of a playa lake system 
that was a major component of the landscape throughout the Earlier Stone Age (ESA)     
(  ̴2.0–0.8 Ma) into at least the Middle Stone Age (MSA) ( ̴ 300–150 ka) (Chazan et al. 
2020; Ecker et al. 2018; Goldberg et al. 2015). However, previous studies at the site 
have not identified shifts in sediment composition that correspond to changing lake 
conditions. The application of micromorphological analysis —the microscopic description 
and observation of soils and sediments in petrographic thin section— to the cave 
deposits, focusing on grain size distribution analysis, lake phase proxies, and post-
depositional processes, can aid in the detection of flooding, evaporation, and desiccation 
phases associated with playa lakes. Furthermore, aspects of this study provide the 
opportunity to further understand the evolution of the landscape outside the cave.  
There are many different terms for a playa lake, including pan, salt-lake, dry-lake,  
Vlor (in Afrikaans), sabkha (in Arabic), or a variation of such words (Butzer 1974:2; 
Butzer and Oswald 2015:35–36; Janecke et al. 2003:401; Rosen 1994; Shaw and 
Bryant 2011:374–375; Tooth and McCarthy 2007:7; Yechieli and Wood 2002:344); all 
generally refer to a topographic depression in an arid region that episodically fills with 
varying levels of water (Mitsch and Gosselink 2015:34; Rosen 1994; Shaw and Bryant 
2011:374). Playa lakes are an important feature of landscapes across southern Africa 
today, where they are found in particularly high densities across the Northern Cape 
Province of South Africa (Butzer and Oswald 2015:36). 
The sedimentary remains of playa lakes are an important archive for the 
reconstruction of paleoenvironments. Playa lakes typically progress through distinct 
hydrogeochemical cycles that exhibit sedimentary characteristics unique to the 
conditions that produce them (Bowler 1986; Shaw and Bryant 2011; Telfer 2013). 
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Therefore, if sedimentary characteristics produced during specific playa lake phases are 
distinct and observable, they can then be used to reconstruct the evolution of the lake 
system over time and may be useful to understand past environmental conditions 
(Holliday 1997; Holliday et al. 2008:11). Various studies have utilized playa lake 
sediments to understand the environmental context of the archaeological record; such 
as at Kathu Pan in southern Africa (Lukich et al. 2020) and Lake Mungo in southeastern 
Australia (Barrows et al. 2020; Bowler 1986, 1998; Jankowski et al. 2020). However, 
there is no standardized approach to this type of research.  
Sediments and other environmental indicators, such as plant remains, can be 
deflated from their initial location on the landscape through aeolian (or other erosional) 
processes and deposited elsewhere. As part of this erosional process, sediments and 
other proxies may be re-deposited and preserved inside caves. Although removed from 
their primary context, these re-deposited sediments are environmental proxies retaining 
valuable information regarding the landscape from where they originated. However, the 
use of sediment deposited in caves for paleoenvironment and paleo-landscape 
reconstructions present specific challenges due to distinct physical and chemical 
alterations of materials deposited in caves (i.e., diagenesis) (Karkanas et al. 2000; 
Goldberg and Sherwood 2006; Weiner et al. 1993). Given the intricacy of cave deposits, 
accurate interpretation of these sediments requires the application of specially designed 
approaches to accompany standard soil characterization methods (Sherwood and 
Goldberg 2001). The environmental data recorded in the sediments are most efficiently 
revealed through microscopic analysis (Karkanas and Goldberg 2013; Mallol and 
Goldberg 2017; Sasowsky and Mylroie 2007). 
Microstratigraphic analysis (i.e., the study of sedimentary sequences at the mm 
to cm scale) is a powerful tool for reconstructing paleoenvironments and for 
contextualizing the archaeological record (Karkanas and Goldberg 2019, 2013). Through 
the application of micromorphology and thin section grain size distribution analysis to 
intact deposits containing paleo-playa lake sediments it is possible to identify the distinct 
sediments and particles produced during the different stages of the playa lake 
hydrogeochemical cycle. In particular, it is possible to perform particle size distribution 
analysis of sediments processed into thin sections, generating semi-quantitative data 
that can be used similarly to data gathered using bulk sampling methods (Menzies and 
van der Meer 2018; van der Meer and Menzies 2011; Sanei et al. 2016:253–254).  
4 
This method provides the opportunity to study intact sediments at the microscale 
and for sediments to be observed and quantified individually and in relation to adjacent 
facies. The high-resolution achieved by processing sediments into thin section allows for 
the detection of microscopic facies that are otherwise overlooked but may contain 
evidence integral to understanding the depositional history and environmental context of 
archaeological sites. Grain size data are relatively limited for inferring sediment origins, 
but when considered in tandem with micromorphological observations, they can aid in 
understanding depositional history of the deposit (Fallgatter et al. 2017:6; Johnson 
1994:985). 
1.1. Research Aims and Objectives 
The broad goal of this thesis was to test the potential of a micromorphological 
approach to identify different phases of a paleo-playa lake system that existed during the 
Earlier Stone Age in the proximity of Wonderwerk Cave, South Africa. Thus, the specific 
aim of this study was to develop an analytical procedure that uses petrographic thin 
sections to identify shifts in sediment composition representative of changing paleo-
playa lake phases.  
To accomplish this, the specific objectives of this thesis were to:  
1) Develop a systematic micromorphological protocol emphasizing grain size 
distribution analysis of thin sections from archaeological deposits focused on 
the identification of paleo-playa lake phases; 
2) Create a model1F2 to interpret playa lake phases based on the identification of 
specific sedimentological criteria using thin section grain size distribution 
analysis and micromorphological observations;  
3) Apply the protocol to selected thin sections from Earlier Stone Age deposits 
in Excavation 1 at Wonderwerk Cave, South Africa, and use the model to 
identify specific playa lake phases; and  
 
2 The term “model” is used in this thesis to encompass a specific set of sedimentological criteria 
and patterns, some of which operate on a spectrum, that are used to interpret micromorphological 
observations and identify sediments produced during different stages of the playa lake cycle.   
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4) Assess the potential and limitations of the protocol. 
To develop the systematic protocol (Objective 1), I combined methods from soil 
micromorphology, geology, and petrography aimed at the identification of 
microstratigraphic changes to sediment composition related to playa lakes. The first step 
was to conduct extensive research on playa lake sediments so that I could target the 
specific characteristics (e.g., particle size and mineral composition) associated with each 
phase of the playa lake hydrogeochemical cycle. This research was conducted in 
tandem with the literature review used to generate the model (Objective 2). I then 
designed a protocol around these specific criteria, specifically methods that would allow 
me to highlight the differences in grain size distributions (e.g., particle distribution 
graphs) and micromorphological characteristics (e.g., texture, sorting, microstructure, c/f 
related distribution, pedofeatures).  
A model to interpret playa lake phases in sedimentary and archaeological 
deposits using micromorphological observations and grain size distribution analysis was 
constructed using information gleaned through my review of literature on the playa lake 
cycle, lunette dune formation, clay pellet development, and by carefully examining other 
studies of playa lake sequences in archaeological sites (e.g., Lake Mungo in Australia). 
This research enabled me to isolate key characteristics of the playa lake cycle, such as 
the saline cycle and evaporite minerals, associated with specific hydrological stages 
(e.g., lake phases). I then synthesized all the information collected and created a model 
for interpreting playa lake phases, based on sediment characteristics identifiable in 
petrographic thin section. In combination with the prior mentioned research areas and 
my understanding of aeolian sediment properties, I identified three general criteria to aid 
in the identification of the lake stages:  
a) Playa lakes produce a known spectrum of evaporative minerals that reflect 
the successive phases of the hydrological cycle   (e.g., carbonates-> 
gypsum-> halite-> bitterns); 
b) The average grain size distribution may reflect the hydrological stage of the 
lake, where a fine-skewed distribution represents a dry lake phase, a coarse-
skewed distribution represents a full-lake phase, and a bimodal distribution 
represents fluctuating lake levels; and 
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c) The ratio of clay pellets to quartz grains (PC:Qtz) in a lithostratigraphic unit 
reflects the relative stability of the lake level. 
My analytical protocol was applied to thin sections from the Earlier Stone Age 
deposits in Excavation 1 at Wonderwerk Cave to test its potential for identifying and 
interpreting playa lake phases (Objective 3). This archaeological site and specific 
depositional sequence were selected because previous geoarchaeological investigations 
suggest a playa lake system was a major component on the landscape throughout this 
time (Berna et al. 2012; Goldberg et al. 2015; Matmon et al. 2012). However, continued 
research related to this paleo-lake system has not yet been pursued.  
To accomplish Objective 4, I compared the expected outcome of the model, 
which was based on the isolated criteria and extensive background research of playa 
lake cycles and sedimentation, grain size distributions, and cave sediments, to the actual 
trends and what I was able to identify using the protocol and model. By comparing the 
expected outcome and actual results, I was able to identify the issues with my method 
and suggest solutions for improvement. To further assess the potential of my protocol I 
compared my inferred playa lake phases to other paleoenvironmental reconstructions of 
the Earlier Stone Age Sequence at Wonderwerk Cave.  
1.2. Thesis Outline 
In Chapter 2, Background, I review six environment-based hypotheses of 
hominin evolution, focusing on two: the Savanna Hypothesis and Mosaic Environment 
Hypotheses, and highlight the prominence of early hominin archaeological sites located 
near lake environments. Next, I introduce Wonderwerk Cave, summarizing past 
research at this archaeological site and discuss its potential for the proposed study of 
paleo-playa lake sediments. A general description of cave systems and sediments is 
followed by a review of playa lakes and their associated processes and cycles. The 
development of lunette dunes and clay pellets are then examined in relation to playa 
lakes. Additionally, I provide a review of southern African and southeastern Australian 
archaeological sites associated with playa lakes.  
Sample collection and methods are presented in Chapter 3. Here I introduce the 
thin sections used in my analysis and then I contextualize them within the framework of 
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Wonderwerk Cave. Next, I present my proposed model for the interpretation of playa 
lake phases based on sedimentological characteristics observable in thin section. The 
two methods I employed in my protocol — micromorphology and grain size distribution 
analysis — are then introduced and described. 
In Chapter 4, I present the results of the grain size distribution and 
micromorphological analysis of playa lake sediments from the Earlier Stone Age 
deposits from Excavation 1 at Wonderwerk Cave. The results are organized by 
lithostratigraphic unit in order of deposition and include a written description, a bar graph 
with grain size distribution data, and an interpretation of these data. I also include a 
summary of the results and list the key data and interpreted playa lake phase 
interpretations. 
My results are discussed and examined in Chapter 5. I consider the grain size 
distribution and micromorphological analysis and compare the results to those derived 
using other paleo-environmental proxies from the Earlier Stone Age at Wonderwerk 
Cave, and then to data published on the Lake Mungo lunette.  The potential of this 
protocol is explored through a brief discussion on how it may contribute to testing early 
hominin evolutionary hypotheses and by comparing the expected grain size distribution 
and micromorphological trends and results to the actual results. I also discuss limitations 
of the method and recommend ways it can be improved.  
In my final chapter I restate the objectives and summarize the protocol that was 
developed to identify and describe paleo-playa lake sediments in petrographic thin 
section. I conclude by proposing future directions of this project and the steps that may 
be taken to build on the research and results presented in this thesis.  
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Chapter 2.  
 
Background  
This study concerns the methods of environmental reconstruction, not what the 
reconstructions reveal; I nonetheless take this opportunity to introduce the relationship 
between environments and hominin evolution in Africa. Several hypotheses have been 
proposed that emphasize the role of specific environmental conditions, and the selective 
pressures they exert, in the evolution of early hominins. At this time, little is known about 
the paleoenvironmental and paleoecological conditions for the early Pleistocene in 
present day arid South Africa (Brink et al. 2016:224). Furthermore, there have been few 
environmental reconstructions that focus on addressing early hominin evolution for the 
region surrounding Wonderwerk Cave (Ecker et al. 2018: 1080). The purpose of 
introducing these hypotheses is to provide a general framework in which to situate my 
research at Wonderwerk Cave. Specifically, a greater understanding of the debate 
surrounding environments of early hominins in Africa is important for demonstrating the 
potential of my analytical protocol to contribute to such discussions.  
In this chapter I review six habitat-specific hypotheses of hominin evolution and 
highlight the prominence of lake settings as the backdrop for many important 
archaeological sites. I then introduce Wonderwerk Cave and the evidence of the paleo-
lake system in its proximity. Next, I discuss cave systems and the complex nature of 
their deposits. I then describe playa lake systems, specifically their hydrological stages, 
saline cycle, and associated sediments, which leads to an overview of lunette dunes and 
brief description of clay aggregates. The introduction of the latter topics provides the 
foundation for the discussion of earlier studies of playa lake sediments in archaeological 
sites, focusing on the paleo-lakes in southern Africa and Willandra Lakes in Australia.  
2.1. Environments and Human Evolution in Africa  
2.1.1. The Savanna Hypothesis 
Research is leading scholars to refine our understanding of the environments in 
which the genus Homo originated and evolved (Bailey et al. 2011; Elton 2008; Kingston 
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2007; Owen et al. 2018; Potts 1998a; Reynolds 2015; Trauth et al. 2010). It is generally 
accepted that the evolution of our species occurred on a trajectory from arboreal 
primates to bipedal hominins as the environment transitioned from a closed woodland to 
an open savanna (Bender et al. 2012; Bobe and Behrensmeyer 2004; Domínguez-
Rodrigo 2013; Potts 1998a, 2013).  This hypothesis — known as the Savanna 
Hypothesis — has formed the basis for understanding the role of the environment in 
hominin evolution since the 19th century (Darwin 1871:140–141; Lamarck 1809:170). 
The origins of the Savanna Hypothesis can be traced to the open plains idea, first 
discussed by Jean Baptiste de Lamarck and Charles Darwin. Lamarck’s writing in 1809  
suggests that an open landscape provided the context for the first upright posture of 
early humans (Bender et al. 2012:150–152; Domínguez-Rodrigo 2013:59; Lamarck 
1809:170; Potts 2013:1–2). In this scenario, forests are viewed as unsuitable habitats for 
the evolution of early humans since ‘freed hands’ and bipedalism, only offered by open 
landscapes, were thought to be associated with increased intelligence (Bender 
2012:152; Lamarck 1809:170). The open plains idea is later conveyed by Charles 
Darwin in Descent of Man (1871), where bipedalism is explained as an adaptation that 
occurs as the environment shifts away from a forested habitat (Bender et al. 2012:150–
153; Darwin 1871:140–141; Domínguez-Rodrigo 2013:59–60; Reynolds et al. 2015:57, 
61). This hypothesis dominated paleoanthropology for much of the 20th century and laid 
the foundations for further inquiry into the relationship between early hominins and 
environmental conditions. 
The Savanna Hypothesis was popularized by Raymond Dart (1925) with his 
analogy between the “Ape-man of South Africa” and the southern African veldt. Dart 
ascribed the open land with occasional wooded areas and general lack of fresh water 
sources of South Africa as important factors in human evolution (Dart 1925:199; Potts 
1998b:82). As an ecological approach to evolutionary studies blossomed in the 1960s, 
Dart’s landscape characterizations became ingrained in the discipline (Domínguez-
Rodrigo 2013:75; Reynolds et al. 2015:63). The hypothesis gained acceptance in 
paleoanthropology and remains an essential cornerstone in the study of human 
evolution.   
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2.1.2. The Mosaic Environment Hypothesis 
Beginning in the 1970s, new evidence suggested a directional shift in vegetation 
from forest to grassland that does not fully account for the environmental variability 
indicated by proxies (e.g., pollen, carbon isotopes) in the archaeological record  (Bobe 
and Behrensmeyer 2004; Kingston 2007; O’Brien and Peters 1999; Potts 2012). This led 
to the formulation of new explanations, which may be collectively referred to as the 
Mosaic Environment Hypothesis.2F3 These hypotheses gained traction in the 1990s and 
proposed that hominin evolution occurred in the context of complex mosaic habitat types 
interspersed across the landscape that are temporally and spatially dynamic3F4 (Kingston 
2007; Reynolds et al. 2015). Although there is no consistent definition used in 
paleoanthropology, a mosaic (or heterogenous) habitat may be defined as a range of 
dissimilar and contrasting elements, disseminated across a defined zone, where the 
constituent elements of the system are primarily grasslands and woodlands (Kingston 
2007; Reynolds et al. 2015). 
Temporal and Spatial Mosaics 
Two contrasting ideas are proposed within the literature on Mosaic Environment 
Hypotheses regarding how the term “mosaic environment” is used, and thus applied to 
explain evolution and adaptability of hominins. The first concept is the temporal mosaic 
where hominins are exposed to diverse landscapes overtime as the climatic and 
environmental conditions fluctuate. The notion of a temporal mosaic is the basis of the 
Variability Selection Hypothesis (Potts 1998a, 1998b). The second perspective is the 
spatial mosaic, which proposes that a highly biodiverse and heterogenous landscape 
exerted selective pressures on hominins causing them to adapt. The idea of spatial 
mosaics are central to the Tectonic Landscape Hypothesis/Model, Complex Topography 
 
3 I use the term ‘Mosaic Environment Hypothesis’ to refer to a collection of hypotheses that propose 
hominin evolution occurred in the context of complex mosaic habitat types interspersed across the 
landscape. Four of these hypotheses (i.e., Variability Selection Hypothesis, Tectonic Landscape 
Hypothesis, Complex Topography Hypothesis, and Amplifier Lakes Hypothesis) are reviewed in 
this thesis; however, many more variations have been proposed.   
4 A somewhat comparable model was developed by George Nicholas (1988), who proposed that 
ecologically rich and diverse mosaics developed in glacial lake basins in previously glaciated 
regions; these could have supported diverse flora and fauna, and subsequently attracted and 
supported humans, during the late Pleistocene and early Holocene. 
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Hypothesis, and Amplifier Lakes Hypothesis (Bailey et al. 2011; Reynolds et al. 2011; 
Trauth et al. 2010; Winder et al. 2013). 
Variability Selection Hypothesis 
The Variability Selection Hypothesis, as formulated by Richard Potts suggests 
that the evolution of the genus Homo occurred in response to variable habitats on a 
geological timescale (i.e., hundreds of thousands of years) (Gibbons 2013; Potts 1998a, 
1998b; Trauth et al. 2010). Specifically, Potts (1998a, 1998b) argues that complex shifts 
in environmental conditions over hundreds of thousands of years led to the selection of 
adaptive characteristics in hominins. Thus, the hypothesis counters the idea that 
evolution, or adaptive change, requires consistent selection provided by a stable 
gradually shifting environmental trend (Potts 1998b). Potts draws on many lines of 
evidence to support long-term environmental fluctuations throughout the early 
Pleistocene, such as isotopes from deep-sea cores, and tectonic processes, among 
many others (Potts 1998b). 
Tectonic Landscape Hypothesis 
The Tectonic Landscape Model is proposed as an explanation for the creation 
and maintenance of mosaic wetland environments associated with many hominin fossil 
and archaeological sites in eastern (less so southern) Africa (Bailey et al. 2011; 
Reynolds et al. 2011). The basis of this model is the spatial biodiversity of a landscape 
within a specified area, rather than across time (i.e., spatial mosaic as opposed to a 
temporal mosaic). Specifically, this model focuses on tectonism and volcanism that alter 
the landscape at a scale of 10–25 kilometers. Heterogeneous patterns of vegetation, 
rivers, wetlands, and lakes are characteristic of areas having active plate tectonics 
(Bailey et al. 2011; Reynolds et al. 2011).The modern example of the Okavango Delta in 
the Kalahari Desert of Botswana, is used as an analogy to demonstrate the variable 
wetland mosaic ecosystem and extremely high levels of biodiversity in an area with 
significant tectonic activity (Reynolds et al. 2011). The Tectonic Landscape Model is 
used to reconstruct the topography and geomorphological processes of hominin 
landscapes as a mechanism to resolve the debate over vegetation and habitat types, 
providing evidence for spatially, rather than temporally variable landscapes. 
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Complex Topography Hypothesis 
The Complex Topography Hypothesis incorporates components of the Tectonic 
Landscape Model combining vegetation and climate-based models of hominin evolution. 
This theory stresses that complex topography and varied landscapes resulting from 
tectonic and rift activity are the drivers for hominin evolution as this type of environment 
requires species to actively adapt (Winder et al. 2013). Like the Tectonic Landscape 
Model, this hypothesis suggests that hominin adaptability is the result of a spatially 
varied landscape as they adapted to the range of ecological niches afforded by the 
variable topography. 
Amplifier Lakes Hypothesis  
The Amplifier Lakes Hypothesis links tectonic processes and climate change to 
understand the variable lacustrine environments of early hominins in the East African 
Rift System (EARS). This model explains the mosaic environment of the EARS as the 
result of tectonic activity and geomorphological features amplifying global, regional, and 
local climatic shifts. These changes in climate highlight a diverse set of spatial and 
temporal conditions (Trauth et al. 2010). The drastic geomorphological features, such as 
grabens and scarps, create change in vegetation across space due to moisture 
availability; whereas the amplifier lakes affect local vegetation over time as the lake 
levels fluctuate in response to fluctuating climate conditions. The Amplifier Lakes 
Hypothesis postulates that the relationship between tectonic activity, topography, and 
climate created a spatially and temporally dynamic environment that exerted varying 
selective pressures on early hominins (Trauth et al. 2010). This hypothesis combines the 
two distinct notions of a mosaic environment (i.e., spatial and temporal mosaics) and 
suggests that a geomorphologically diverse and ecologically variable environment 
across both time and space caused hominins to become adaptive.  
2.1.3. Lake Margin Settings and Early Hominin Archaeological Sites 
The relationship between humans and wetland lake environments extends back 
to the Plio-Pleistocene (Ashley et al. 2010; Menotti 2012:27, 58; Nicholas 2012:762; 
WoldeGabriel et al. 2001). Although this statement is supported by evidence (Table 2.1), 
George Nicholas (1998:721) highlights a research gap in the archaeological literature 
pertaining to wetland sites (of which lakes may be included), a trend that continues 23 
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years later. Archaeological sites that were located near or in wetlands at the time of 
occupation may be difficult to detect on the landscape today. Nicholas notes that 
because of climate change and changing landscapes (anthropogenic and natural), 
extant wetlands may only be observable through soils, pollen cores, fossils, and 
archaeological materials (Nicholas 2012:766, 1998:721). Thus, the prevalence of these 
sites may have been overlooked in the past. However, lake environments are becoming 
increasingly recognized as prominent features in paleoenvironmental reconstructions of 
early hominin locales in eastern and southern Africa (Albert et al. 2018; Domínguez-
Rodrigo et al. 2017; Ecker et al. 2018; Plummer et al. 2009). Table 2.1 presents a 
selection of African early hominin archaeological sites where the environment at the time 
of hominin presence has been interpreted as lake margin settings. This list contains 
archaeological sites dating from the Pliocene through to the Pleistocene.  
Table 2.1 Selection of African early hominin sites in lake margin settings. 
















Kenya 3.3 Ma  Lake Lewis and 
Harmand 2016 





margin of lake  
Domínguez-
Rodrigo 2013; 










De Heinzlin et 
al. 1999 
Peninj Group Tanzania  2.0 Ma  1.0 Ma Fluvio-lacustrine; 
Paleo-lake  
Luque et al. 
2009 
Kanjera South  Kenya  >1.95 Ma   Periods of wet 
and dry; lake 
system at times; 
lightly wooded to 
open grassland  
Plummer et al. 
2009 
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South Africa  1.85 ± 0.23 Ma 0.78±0.18 Ma Paleo-lake, 
prolonged 
wetlands, C3 and 
C4 grasses  
Berna et al. 
2012; Chazan et 
al. 2008, 2012; 
Ecker et al. 
2018; Matmon 
et al. 2015 













Tanzania 1.65 Ma 1.33 Ma Paleo-lake  Domínguez-




















Kathu Pan  South Africa  542,000 ± 
140,000 
(Fauresmith)  
  Ephemeral 
Lake/pan  
Lukich et al. 
2020; Walker et 
al. 2013 
Bundu Pan  South Africa  371,090  144 050  Fluctuating wet 
and dry periods, 
Pan  
Kiberd 2006 
Florisbad  South Africa  279,000 ± 4,700 121,000 ± 6,000 Spring site, wet 








Ethiopian Rift  
Ethiopia  279,000 ± 2,000  105,000 ± 1000 Mega Paleo-
lake, lacustrine 
basin  
Sahle et al. 
2014 
Doornlaagte  South Africa  Middle 
Pleistocene  
  Fluctuating 
paleo-lake  
Butzer 1974 
Rooidam  South Africa  Unit B: 115 000 
±10 000  
Middle 
Pleistocene  




2.2. Wonderwerk Cave 
Wonderwerk Cave, located in the Northern Cape Province of South Africa, 
contains a rich deposit of archaeological material spanning the Earlier Stone Age (ESA), 
Middle Stone Age (MSA), and Later Stone Age (LSA) (Figure 2.1A). Situated on the 
flank of the Kuruman Hills, this dolomitic cavity is 140 m long with its height and width 
ranging from 3–7 m and 11–26 m, respectively (Horwitz and Chazan 2015:596). Today, 
the environment around the cave is classified as a savanna biome (specifically a 
Kuruman Mountain Bushveld Savanna biome) and a mix of vegetation groups 
encompass the cave (Brink et al. 2016:224; Rossouw 2016:252) (Figure 2.1B/C). The 
climate is characterized by a hot summer and a cool dry winter with a mean annual 
precipitation of ~480 mm (Ecker et al. 2018:1080; Horwitz and Chazan 2015:596). The 
present climate and environment of this semi-arid region of South Africa are likely vastly 
different from what they were two million years ago.  
 
Figure 2.1 (A) Map showing the location of Wonderwerk Cave in the Northern 
Cape Province. (B) The Mouth of Wonderwerk Cave (facing south) 
demonstrating the mixed vegetation. (C) View of the landscape 
presently encompassing the cave.  
Map: Francesco Berna et al. 2012, reproduced with permission. Photos: 
Francesco Berna, reproduced with permission.  
16 
The archaeological site of Wonderwerk Cave has a long history of excavation 
that has greatly contributed to understanding the archaeology in the Northern Cape 
Province and to the larger history of humankind. The first excavations began in 1943 and 
have continued intermittently until the present day under a series of different directors 
(Beaumont 1990; Butzer 1984; Camp 1948; Malan and Cooke 1941, 1943). The current 
Wonderwerk Cave Project, co-directed by Michael Chazan and Liora Kolska Horwitz, 
was initiated in 2004, with the intention of examining previously excavated material and 
publishing on it, undertaking high-resolution excavations, and reconstructing the 
paleoenvironment at the cave (Horwitz and Chazan 2015:598–600). Seven excavation 
areas were spaced throughout the length of the cave. The renewed excavations have 
primarily focused on Excavation 1 (approximately 20 m from the mouth of the cave) and 
Excavation 2 (located to the rear and right of Excavation 1) (Figure 2.2). Throughout the 
cave, the ESA material culture is attributed to the Fauresmith, Acheulean, and Oldowan 
industries (Chazan 2015; Chazan et al. 2012; Horwitz and Chazan 2015).  
 
Figure 2.2 Plan view of Wonderwerk Cave, generated through laser scanning, 
with the locations of excavations 1–6 indicated by the white 
polygons. The location of Excavation 1 isindicated by the black 
arrow. The blue line indicates the location of the east profile and the 
red line indicates the north profile. 
Figure adapted from Berna et al. 2012, reproduced with permission. 
Several earlier studies have attempted to reconstruct the evolution of the 
paleoenvironment surrounding Wonderwerk Cave from the early Pleistocene to the 
Holocene (Brook et al. 2010; Ecker et al. 2018; Lee-Thorp and Ecker 2015; Rossouw 
2016; Scott and Thackeray 2015). Proxy data derived from macro- and micro-fauna, 
macro- and micro-botanicals (e.g., charcoal, phytoliths, pollen), stable isotope 
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composition in ostrich eggshells (OES), herbivore enamel, speleothems, and even 
animal dung have all been used to infer past environmental conditions with varying 
success. Interpretations of the early Pleistocene data suggest that the environment 
shifted from arid conditions (⁓1.86 Ma) to cooler, more humid conditions (⁓1.78 Ma) 
before returning to warm arid conditions (⁓1.0 Ma) (Brink et al. 2016; Ecker et al. 2015, 
2018; Rossouw 2016). The multiproxy data from the middle Pleistocene (early Middle 
Stone Age) indicate wet environmental conditions, at least episodically, throughout this 
time (Chazan et al. 2020). Analyses of pollen and isotope records, sampled from the 
stalagmite near the cave entrance and animal dung deposits, suggest that the climate 
was wet from 23–17 ka and dry from 17–13 ka (Brook et al. 2010:882). Finally, 
interpretations of proxy data from the Holocene indicate that the environment 
surrounding Wonderwerk Cave was relatively dry, with a period of increased humidity 
ca. 5500–4500 cal. BP (Scott and Thackeray 2015). All of these studies show that at 
different times throughout the last two million years there were periods (of variable 
length) characterized by cooler, wetter (or cooler and dryer) conditions and periods 
characterized by warmer and more arid (or wetter) conditions when compared to the 
environment of the cave today.  
The recent investigations at Wonderwerk Cave have greatly contributed to what 
is known about early hominins and environmental change in southern Africa. 
Wonderwerk Cave is the site of the earliest known in situ cave utilization by hominins 
(Chazan et al. 2012:865; Goldberg et al. 2015:614). Additionally, this site has gained 
attention for the compelling evidence of in situ fire burning in the cave during the early 
Acheulean, possibly ⁓1.0 Ma (Berna et al. 2012:E1215).  
2.2.1. Previous Sedimentological and Micromorphological 
Investigations of the Earlier Stone Age at Wonderwerk Cave 
The sediments from Excavation 1 at Wonderwerk Cave were first described by 
Karl Butzer (1984) using samples collected in 1948 and 1978 (Camp 1948:551; Chazan 
et al. 2008:3). He described the sediments as partially calcified quartzitic silty sand and 
noted the presence of roof fall and ash lenses. The interdisciplinary project initiated in 
2004, under the current directors, called for the establishment of a detailed 
lithostratigraphy. This led to the identification of nine lithostratigraphic units in the north 
profile of Excavation 1 (Chazan et al. 2008:3–4). Michael Chazan et al. (2008) suggest 
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that aeolian processes, decomposition of roof spall, and the localized input of and 
reworking by water are likely responsible for the deposition of sediment inside the cave.  
The sediment of Wonderwerk Cave was further investigated by Ari Matmon et al. 
(2012) to understand the depositional history of the cave. In that study, various methods, 
including grain size analysis, were used to pinpoint the origins of the quartz grains to the 
Kalahari Desert, approximately 100 km away. Furthermore, a three-stage sediment 
transportation process is described; (1) the Kalahari sand is transported by the wind and 
deposited in the Kuruman Hills; (2) the sediments accumulate in the intermontane 
valleys through slope wash; (3) stream flow, as a function of the valley drainage system, 
deposits the sand and local clasts near the cave entrance (Matmon et al. 2012:621). 
Moreover, Matmon et al. (2012:621) attributed “rounded rip-up clasts” and aggregates 
located near the cave mouth to the reworking of playa lake-derived material. They also 
noted that the sediments in lithostratigraphic unit 1 (LU 1a-b) were associated with playa 
lake-derived material (Matmon et al. 2012:616).  
Soil micromorphology features prominently in several studies conducted at 
Wonderwerk Cave in the last ten years. Francesco Berna et al. (2012) employed soil 
micromorphology and microscope Fourier-Transform Infrared Spectroscopy (mFTIR) to 
investigate site formation processes and evidence of the hominin use of fire in 
Excavation 1. The presence of “rounded silty clay aggregates,” similar to the “rounded 
rip-up clasts” mentioned by Matmon et al. (2012:621), was noted by Berna et al. 
(2012:E1217) who attributed it to the presence of nearby lakes. The most extensive 
micromorphological study focusing on the deposition and diagenesis of sediments 
throughout the Earlier Stone Age was conducted by Paul Goldberg et al. (2015). Their 
lithostratigraphic and micromorphological observations were used by the research team 
to interpret the paleoenvironmental conditions of a suggested ephemeral body of water, 
such as a playa lake (or pan), on the landscape. The results and conclusions of that 
study provide the foundation for this thesis.  
2.2.2. The Potential of Wonderwerk Cave for Testing the Protocol 
The potential of sediment data from Wonderwerk Cave to aid in identifying the 
hydrological phases of the playa lake system that existed outside the cave is substantial. 
To date, many lines of evidence have been used to reconstruct the past environment 
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around the cave from the early Pleistocene to the Holocene (see section 2.2) (Brink et 
al. 2016; Brook et al. 2015; Ecker et al. 2018; Lee-Thorp and Ecker 2015; Rossouw 
2016). These studies show that the conditions of the landscape surrounding 
Wonderwerk Cave were at times vastly different than they are today. They demonstrate 
that periods of cooler temperatures and increased humidity have prevailed in the 
environment surrounding the cave, suggesting the presence of an ephemeral body of 
water during such times.  
Wonderwerk Cave is ideally suited to test a systematic procedure (protocol) 
designed to study paleo-playa lake sediments. The cave contains stratified sediments 
spanning from the early Pleistocene to the present, preserving material culture and 
environmental proxies (Goldberg et al. 2015). The environmentally sensitive and 
controlled nature of caves allows for the accumulation of sediments with reduced 
disturbance (Karkanas and Goldberg 2013:294; Sasowsky and Mylroie 2007:vi), which I 
discuss more fully below. The study of sediments trapped and preserved inside 
Wonderwerk Cave for the last ca. two million years can provide insight into past 
environmental conditions that are otherwise not detectable on the landscape.  
2.3. Cave Systems  
Caves are significant repositories of paleoclimatic data on both a geologic and 
human timescale. In this thesis, “cave” is defined as a geological feature that exists 
within the earth as a natural opening or void formed in bedrock that extends beyond the 
range of natural light (Sasowsky and Mylroie 2007; Sherwood and Goldberg 2001:147; 
White and Culver 2012:103). The environmentally sensitive and controlled nature (e.g., 
temperature regulation) of caves makes them prone to the preservation of landscape 
and climatic conditions (Karkanas and Goldberg 2013:294; Sasowsky and Mylroie 
2007:vi). Where surface geomorphological features are exposed to weathering and 
erosion—both of which can affect landscape features—these are much slower and less 
severe in sheltered cave environments (Sasowsky and Mylroie 2007:vi; Sherwood and 
Goldberg 2001:145). However, diagenesis, physical and chemical changes to a 
sediment occurring since time of deposition, is common in cave systems and can lead to 
significant changes to the original depositional signatures (Karkanas et al. 2000:916; 
Weiner et al. 1993). The complex nature of cave sediments and diagenesis are 
discussed below. 
20 
2.3.1. Cave Sediments  
Caves are composed of two types of sediments: clastic sediments, which are 
subdivided into autochthonous (internal source) and allochthonous (external source); 
and chemical sediments (i.e., travertines, carbonate precipitates) (Goldberg and 
Sherwood 2006:21,23; Sherwood and Goldberg 2001:149–150). Cave deposits are 
complex since many possible sediment sources, depositional and post-depositional 
processes — potentially operating concurrently — contribute to the sedimentation 
(Goldberg and Sherwood 2006:20–21). The highest rate of sedimentation occurs at the 
entrance of caves where colluvial deposits and aeolian sediments commonly accumulate 
in addition to contributions from humans, flora, and fauna (Mallol and Goldberg 
2017:359; Sherwood and Goldberg 2001:148).  
The primary post-depositional process operating in cave systems is chemical 
diagenesis — a chemical process operating at ambient temperature — that may result in 
calcification, decalcification, and formation of authigenic minerals, such as gypsum and 
phosphate (Goldberg and Sherwood 2006:21; Sherwood and Goldberg 2001:149–150). 
Furthermore, cave sediments may also be altered through processes of physical 
diagenesis, such as water reworking, slumping, trampling, bioturbation, and human 
activity (Goldberg and Sherwood 2006:25; Mallol and Goldberg 2017:371–373). To 
understand and interpret how variables contribute to the complicated depositional 
sequences, cave sediments need to be studied at a range of scales, from detailed field 
observation to microscopic analysis. Archaeologists commonly employ soil 
micromorphology methods to adequately interpret these complex sediments.  
2.4. Playa Lakes  
There is evidence that the paleo-lake system outside Wonderwerk Cave was one 
that may be defined as a playa lake. These ephemeral lakes may be found in arid (i.e.,> 
200 mm annual precipitation) to sub-humid (<600 mm annual precipitation) regions of 
the world (Shaw and Bryant 2011:373; Tooth and McCarthy 2007:24). Their size and the 
frequency in which they occur can range from a few square meters to tens of square 
kilometers (Holliday et al. 2008:12; Shaw and Bryant 2011:373). These ephemeral 
bodies of water are shallow and typically only a few meters deep (Janecke et al. 
2003:401). Playa lakes are inherently physically unstable, a feature that can contribute 
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to variable local environments (Janecke et al. 2003:401). The concept of ecological 
succession may be used to understand playa lake systems, whereby the flora and fauna 
shift in relation to the soil types, topography, water depth, and duration of the lake 
(Janecke et al. 2003:401; Odum 1971:251). In reference to the body of water 
hypothesized to be near Wonderwerk Cave, both “paleo-lake” and “playa lake” are used 
interchangeably.  
2.4.1. The Playa Lake Cycle  
Playa lakes are cyclical in nature going through various processes that are 
directly influenced by the hydrological regime. They exhibit various morphological, 
sedimentological, and hydrochemical characteristics that reflect each stage of the cycle. 
The hydrologic conditions of playa lakes are controlled by the catchment areas, climate, 
physiographic setting (relief), water table elevation, and hydrogeochemistry (Bowler 
1986:22–24; Telfer 2013:188). The playa lake cycle has been broken down by James 
Bowler (1986) into a five-stage process classified according to hydrology, topography, or 
a combination of both (Table 2.2). The first stage is initiated when flooding of the playa 
lake surface occurs. In Stage 1, a permanent full lake with fresh to low salinity water is 
maintained. Stage 2 is similar to the previous stage; however, rare periods of increased 
evaporation result in an increased subsurface water salinity. In Stage 3, the lake is 
ephemeral, and the frequent periods of drying cause further increases to subsurface 
water salinity. In Stage 4, the playa lake is considered advanced ephemeral and it is 
primarily controlled by groundwater brine pools. In Stage 5, the playa lake basin is dry 
and the system is controlled solely by the groundwater (Shaw and Bryant 2011:381; 
386). As the aridity in the environment increases and the hydrological input is reduced, 
the lake level will shift from full (flooded) to ephemeral to dry. The increasing aridity 
coincides with a shift from surface water-dominated systems to ground water-dominated 
systems as the water evaporates and salinity increases (Bowler 1986:24, 27; Shaw and 
Bryant 2011:381,386).  
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Table 2.2 Playa lake stages. 
Stage Hydrological 
Phases 
Saline Cycle Description 




Permanent lake, fresh to low salinity; coarse sand 
beaches; quartz lunette dune 
2 Lake full Brackish 
lake  
Rare drying; results in increased subsurface water 
salinity; primarily quartz dune 
3 Ephemeral; 
frequently dry or low 
Saline lake  Frequent drying; increased subsurface water salinity; 
efflorescence of salts; clay and gypsum dunes 
4 Advanced 
Ephemeral  
Brine pools  Groundwater system primary control; high salinity; halite  
5 Desiccated  Dry pan No surface water; groundwater control 
Note: Based on Bowler 1986 and Shaw and Bryant 2011 
A major characteristic of playa lakes is the saline cycle and formation of ground 
water brine pools (see Lewis and McConchie 1994:fig 2–20). Solutes are introduced into 
the playa lake system through groundwater flow, rainfall, overland flow, and in some 
cases, sea water. When evaporation exceeds precipitation, the concentration of salts in 
the water increases. As low quantities of water are introduced into the system, the 
salinity of the water continues to increase, but the rate of evaporation decreases with the 
rise in salinity. If the rate of evaporation continues to exceed that of precipitation, surface 
water will eventually be depleted resulting in a high salinity groundwater brine pool. As 
the evaporation is occurring, minerals begin to precipitate and may be deflated from the 
system salinity (Lewis and McConchie 1994:29,31; Yechieli and Wood 2002:347–348). 
These deflated minerals reflect the saline cycle and condition of the playa lake. 
2.4.2. Playa Lakes in the Geological Record  
It is difficult to reconstruct past hydrological and climate regimes in arid zones as 
they may be vastly different than they are today (Thomas and Burrough 2011:29, 39–
40). However, the preserved sediment records from playa lakes serve as a proxy to 
understand aspects of these systems (Chen et al. 1993:1). For example, the 
sedimentation of playa lakes is controlled by the degree of aridity, which affects water 
level, salinity, and hydrochemistry, and the quantity of sediment input (Selley 1985:102). 
The sediment is primarily introduced into the playa lake system through overland surface 
flow, aeolian processes, organic materials, and the formation of evaporite minerals (as a 
function of the saline cycle) (Shaw and Bryant 2011:379–380; Tooth and McCarthy 
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2007:26). Each stage of the playa lake cycle (Table 2.2) is associated with a distinct 
sediment signature indicative of the hydrological conditions. As a playa lake responds to 
increasing aridity and transitions through the stages, the primary sediments and 
evaporites that are typically produced shift from clay and carbonates to gypsum and in 
extreme arid conditions, to halite and bitterns (Figure 2.3) (Bowler 1986:27; Magee 
1991; Shaw and Bryant 2011:381). Once produced, these sediments can be deflated 
from the exposed surfaces of the playa lake and may be deposited in a lunette dune on 
the margins of the pan.  
 
Figure 2.3 A generalized evaporite sequence of playa lakes expressed as a 
function of the degree of aridity. As a playa lake progresses through 
Stages 1–5, the evaporite minerals produced will shift from 
carbonates to gypsum to halite, and finally to bitterns during a 
period of desiccation.  
2.5. Lunette Dunes  
Lunette dunes are crescentic mounds that form on the downwind side of playa 
lakes and are composed of materials deflated from dry lake surfaces. They have a 
characteristic gentle convex windward slope with two leeward horns. They may also be 
referred to as transverse dunes, crescentic dunes, clay dunes, pan-margin dunes, and 
barchans (Dare-Edwards 1982:179; Holliday 1997:54–55; Lawson and Thomas 
2002:826; Lewis and McConchie 1994:29; Pye and Tsoar 2009:201; Selley 1985:82–83, 
2000; Shaw and Bryant 2011:391–392). These features may be found in conjunction 
with pans throughout many arid to sub-humid regions of the world, but are particularly 
notable in parts of southern Africa, such as the Kalahari Desert, and southern Australia4F5 
(Bowler 1986; Holliday 1997:54; Lawson and Thomas 2002:825–826; Telfer 2013:189). 
The size of the dunes typically range in height from 10–50 m, although less frequently 
 
5 Lunette dunes are also common features across the Southern High Plains of Texas and New 
Mexico and have been intensively studied by Vance T. Holliday (Holliday 1997; Sabin and Holliday 
1995).  
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exceed 20–30 m, and may be several meters wide (Bowler 1973:318; Shaw and Bryant 
2011:392). The dunes develop layer by layer as sediments are deflated from playa 
surfaces, preserving a detailed history of lake hydrology and environmental changes 
(Sabin and Holliday 1995:290). However, lunette dune building is not a universal 
process for all playa lake systems, and it is possible for sediments to be deflated 
elsewhere (Holliday 1997:56).  
2.5.1. The Formation of Lunette Dunes 
The formation of lunette dunes reflects the playa lake stages and processes of 
sedimentation that are occurring. Like playa lakes, lunette dunes are affected by 
changes to the climate. Specifically, dune formation responds to changes in 
temperature, water content, and salt content (Bowler 1973:333; Chen et al. 1993:9; 
Lawson and Thomas 2002:833; Telfer 2013:188). Different types of dunes have been 
identified in association with playa lakes, which are classified according to their mineral 
composition (Telfer 2013:188–189). Three types are described here: 1) sand dunes; 2) 
clay dunes; and 3) carbonate dunes. The dunes form through aeolian processes that act 
on the surrounding landscape and exposed playa lake basin surfaces and shores. As 
such, dune mineral composition is both a function of the minerals in the surrounding 
environment, and the mineralogy and stage of the playa lake (Telfer 2013:188). 
Sand dunes typically form during lake full phases (Stages 1–2), when the aeolian 
deflation of quartz grains from the shoreline occurs (Telfer 2013:189). The composition 
of these dunes reflect the characteristics of the parent material and surrounding 
landscape as pans are filled and thus not able to provide materials for deflation (Bowler 
1986:29; Shaw and Bryant 2011:392; Telfer 2013:195). In the Northern Cape Province, 
this process is reflected in the presence of red Kalahari sands (Lawson and Thomas 
2002:826; Matmon et al. 2015; Shaw and Bryant 2011:392). Lunette dune building 
occurs on a range of time scales, making the scale of events and accurate dating of 
depositions difficult. The accumulation of sediments may take thousands of years 
through the continual reworking of playa lake surfaces and the surrounding landscape 
(Shaw and Bryant 2011). However, a single deposition can quickly occur over a period 
of several hours, days, or weeks (Jankowski et al. 2020:3). 
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The association between ephemeral water bodies and clay dune building is a 
phenomenon that has been observed for over a century. Clay dunes were first described 
by George N. Coffey in 1909 as part of a soil survey in Texas (Coffey 1909). Clay and 
silt are rarely important contributors in dune building as these fine fractions are usually 
deflated greater distances from the source through suspension (Dare-Edwards 
1984:337). These clay dunes require specific conditions to develop and must contain 
more than 20% clay (Bowler 1973:316). In order for a clay dune to form, there must be 
limited vegetation, strong unidirectional winds, evaporative drying of a playa lake to 
expose the lake floor, and the flooding or filling of the lake to distribute fine-grained 
particles throughout the lake bed (Dare-Edwards 1984:341).  
Clay dune building occurs when a playa lake starts to dry and the water level 
drops, exposing the surface of the lake floor. This saline-rich clay is composed of 
evaporite minerals, causing the surface to crack, making them vulnerable to erosion and 
prevents the growth of vegetation. As the exposed surfaces continue to dry, the salts 
effloresce, causing the clay to crack and flake. The weathered surface sediments may 
then be reworked and degraded as evaporite materials and clay pellets are deflated and 
entrained by the wind. The sediments are then deposited along the margins of the lake, 
forming clay lunette dunes (Dare-Edwards 1984, 1979:13–14; Lawson and Thomas 
2002; Shaw and Bryant 2011:389–392). The cessation of clay dune building from playa 
lake sediments will occur during periods of high humidity (Stages 1–2) and during 
periods of extreme aridity (Stage 5) (Bowler 1986:37; Shaw and Bryant 2011:392). Clay 
dune building does not occur when the lake is full since the playa lake floor is covered 
with water and thus cannot be exposed to drying and weathering. Furthermore, it usually 
does not occur when the lake surface is dry since high salt concentrations create and 
preserve a salt crust (Bowler 1986:37). 
Playa lake lunette dunes vary in terms of the type and frequency of minerals. The 
most commonly occurring components of lunette clay dunes are quartz and clay 
minerals, where clay may represent between 20–77% of a sample by weight (Bowler 
1973:327). Vance T. Holliday (1997:59) reports carbonate dunes with two lithologies, 
one with 15–40% calcium carbonate, and the other containing 0–15% calcium 
carbonate. Although the evaporite general sequence produced in pans is well 
documented, these minerals preserve to varying extents in lunette dunes. Highly soluble 
salts, such as halite, are very rarely observed in lunettes as they are rapidly leached. 
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Less-soluble evaporites, such as carbonates and sulphates, are more likely to be 
preserved, typically occurring as calcite, dolomite, or gypsum (Bowler 1973:328,331,334; 
Dare-Edwards 1979, 1982, 1984).  
The cyclical deposition of pan sediments in dunes can result in parallel bedding 
(Telfer 2013:188). These fine beds and laminae range in size from 1 mm- to 3 cm-thick 
and typically have sharp regular boundaries. The facies are composed of alternating 
layers of clay pellets and quartz sands, each associated with specific lake levels, 
representing the cyclical sedimentation and processes of playa lakes in response to 
changing hydrological conditions (Bowler 1973:332; Dare-Edwards 1979:34).   
2.5.2. Clay Aggregates  
Clay aggregates, also referred to as clay pellets and pelletal clay, are 
distinguishing features of playa lakes and clay lunette dunes. The pellets may range in 
size from 50–2000 μm, although more commonly reported between 100–600 μm (Dare-
Edwards 1984; Magee 1991). They are unique to the sedimentation process of playa 
lakes and indicate specific lake phases and paleoenvironments as specific conditions, 
such as fluctuating lake levels (cyclical wetting and drying), need to be met for them to 
develop. The flocculation of clay particles occurs as the saline mudflats of playa lakes 
dry allowing cation exchange to occur (Brady and Weil 2004:107–108; Pye and Tsoar 
2009; Telfer 2013:185–186). As the clay floccules are deflated, they are transported via 
creep or saltation and become increasingly rounded with distance before deposition in a 
clay dune (Dare-Edwards 1984:340; Pye and Tsoar 2009:93–94).   
2.6. Previous Studies of Playa Lake Sediments in 
Archaeological Sites  
The study of playa lake sediments is not new to the discipline of archaeology 
(e.g.,Bowler 1998; Butzer 1974; Butzer and Oswald 2015). However, a systematic 
procedure has not been developed or applied to many of these investigations. Intensive 
studies of the playa lake sediments and lunette dunes at the Willandra lakes Complex, 
specifically Lake Mungo, in Australia, have been undertaken by research teams for over 
50 years (Bowler 1971; Dare-Edwards 1979; Bowler 1976, 1986; Chen et al. 1993; 
Barrows et al. 2020; Dare-Edwards 1982, 1984; Fitzsimmons et al. 2014; Jankowski et 
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al. 2020; Magee 1991). Most recently, excavations on the Lake Mungo sequence using 
Optically Stimulated Luminescence (OSL) and soil micromorphology show many 
parallels to the research presented in this thesis (Barrows et al. 2020; Jankowski et al. 
2020). To a lesser extent, studies of ephemeral lakes and lunettes in relation to 
archaeological sites have also been conducted in parts of southern Africa (Butzer 1974; 
Kiberd 2006; Kuman and Inbar 1999; Lukich et al. 2020; Toffolo et al. 2017; Walker et al. 
2013). Additionally, extensive studies of playa lakes have been carried out in other arid 
to sub-humid regions around the world, although not explicitly linked to archaeology 
(e.g., Bolen et al. 2006; Hamilton 1951; Last and Schweyen 1983; Mcglue et al. 2012; 
Osterkamp and Wood 1987; Teller and Last 1990).   
2.6.1. Southern Africa  
Playa lakes are well known across southern Africa5F6 today, typically in regions 
with less than 500 mm of annual rainfall (arid to semi-arid), particularly to the southwest 
of the Kalahari in a “pan belt” that extends through the Northern Cape Province of South 
Africa (Goudie and Thomas 1984:1; Janecke et al. 2003:401; Lawson and Thomas 
2002:825). In these regions, areas are known to have densities of pans of up to 1.14/km2 
(Shaw and Bryant 2011:373). Well-developed lunette dunes have been recorded in the 
Northern Cape with heights ranging from 5–52 m above the pan surface (Goudie and 
Thomas 1984:12). However, Lawson and Thomas (2002:826–827) note that there is 
minimal evidence for significant modern dune building. Although limited in frequency, the 
presence of calcrete playa lakes6F7 (hard pans) with and their associated lunettes have 
been observed in parts of southern Africa (Butzer and Oswald 2015). The discordance 
between high pan densities and low number of lunette dunes demonstrates that playa 
lake sediments may not accumulate in dunes. This difference is also discussed by Ty J. 
Sabin and Vance T. Holliday (1995) regarding the distribution of playa lakes and lunettes 
on the Southern High Plains of northwestern Texas and eastern New Mexico, where 
lunettes are more commonly associated with larger and deeper playas (Holliday 
1997:56). Lunette dunes with components of clay aggregates have also been noted in 
small numbers across the modern landscape of South Africa (Goudie and Thomas 
 
6 In southern Africa, playa lakes are typically called pans.  
7 A playa lake with a hardened surface due to the accumulation of calcium carbonates. 
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1984:12; Lawson and Thomas 2002:827). This suggests that similar conditions that 
result in the formation of clay aggregates may still operate on the modern landscape.  
The correlation of high-resolution sedimentological data and hydrological phases 
of playa lakes is uncommon in the archaeological investigations of southern Africa. Karl 
Butzer (1974) conducted some of the first playa lake analyses in South Africa on the 
Earlier Stone Age sites of Doornlaagte and Rooidam. Located near Kimberly, an area of 
the Northern Cape Province known for its high density of pans, the investigation of the 
pan sediments provided an environmental context for the Acheulean archaeological 
assemblages recovered (Butzer 1974). Since Butzer’s initial investigation of pan 
sediments, similar studies have been carried out on other archaeological sites, such as 
Florisbad (Kuman and Inbar 1999), Bundu Pan (Kiberd 2006), and Kathu Pan (Walker et 
al. 2013). However, the resolution at which these studies investigated changes in the 
sediments was rather coarse, only allowing for broad generalizations of environmental 
conditions.  
The recent reinvestigation of playa lake sediments at Kathu Pan by Vasilija 
Lukich et al. (2020) and at Florisbad by Michael Toffolo et al. (2017) using soil 
micromorphology and other micro-archaeological methods has contributed to high-
resolution reconstructions of depositional environments and conditions. The application 
of micro-archaeological techniques to pan sediments have proven invaluable to the 
reconstruction of paleoenvironmental conditions at these sites. The sedimentary record 
at Kathu Pan spans throughout the mid- to late Pleistocene and the detailed study of the 
sediments have contributed to a greater understanding of local landscape evolution, but 
has also provided further time depth to the environmental record at the regional scale 
(Lukich et al. 2020). Furthermore, the micro-geoarchaeological approach of Toffolo et al. 
(2017) at Florisbad, provided the opportunity to study sediments in their original context 
to understand the site formation processes and subsequently evolution of the 
paleoenvironment in the last 270,000 years (Toffolo et al. 2017).  
2.6.2. The Willandra Lakes Complex and Lake Mungo 
One of the most extensively studied lunette dune sequences, associated with 
early human occupation, is the Lake Mungo lunette in the Willandra Lakes Complex, 
New South Wales, Australia. Studies published since the 1970s have been aimed at 
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establishing a stratigraphic framework and understanding paleoenvironmental conditions 
that existed throughout late Pleistocene Australia (Barrows et al. 2020; Bowler 1971, 
1986, 1998; Fitzsimmons et al. 2015; Jankowski et al. 2020). The Lake Mungo lunette 
provides a rare opportunity for the investigation of climate change in the context of some 
of the earliest archaeological evidence on the continent (Barrows et al. 2020; 
Fitzsimmons et al. 2014; Jankowski et al. 2020; Stern et al. 2013). James Bowler (1971) 
was the first to extensively document the stratigraphic sequences of the Willandra Lake 
lunettes and to suggest hydrological regimes responsible for their production. Since 
then, the investigation of the depositional environments recorded in these sediments has 
continued in greater detail as technology advances and new methodologies are 
developed or applied, such as improved procedures for OSL dating and the application 
of soil micromorphology (Barrows et al. 2020; Dare-Edwards 1979, 1982, 1984; 
Fitzsimmons et al. 2014; Jankowski et al. 2020).  
 
Figure 2.4 Satellite image map of the Willandra Lakes Complex, New South 
Wales, Australia (Google Map data 2020). Lake Mungo is indicated 
by the red arrow.  
The most recent investigations of the Mungo lunette focus on a very detailed 
reanalysis of the depositional history and chronology of previously documented 
sedimentary sequences. The refined dates and high-resolution history of the 
depositional environment provide the context for reconstructing the lake level history 
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(and by proxy hydrological conditions) and investigating the relationship between 
environmental conditions and human occupation (Barrows et al. 2020; Bowler 1998; 
Fitzsimmons et al. 2014; Jankowski et al. 2020; Stern et al. 2013). The characteristics of 
sediments derived from playa lakes and lunette dunes in the Willandra Lakes complex 
that have been attributed to specific hydrological conditions and lake stages are 
compiled in Table 2.3. The results presented in these studies provide the foundation to 
build a model that translates micromorphological observations to playa lake phases 
(section 3.2). 
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Table 2.3 Previous studies of playa lake sediments from Australian archaeological sites and hypothesized lake phases. 
Site/ 
location 
Stage 1: Flooded/ 
Lake Full  
Stage 2: Lake full; 
rare drying 
Stage 3: Ephemeral  Stage 4: Advanced 
ephemeral 
Stage 5: (Sustained) 




Beach gravel/ sand   Pelletal clay (low/ 
fluctuating) 
Clay rich, increased 
salinity  




Well sorted quartz 
sand  
Clay Pellets with 
sands=deflation 
phase  






intermittent drying  
Gypsum  
 Bowler 1998 
Lake 
Mungo 
 Three types of clay 
pellets  
 Calls it saline lake 
phase (Zanci phase 
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Chapter 3.  
 
Methodology 
This chapter begins by introducing the sample collection, specifically the 
sediment samples, and situates them within their stratigraphic context at Wonderwerk 
Cave. I then present my model for interpreting playa lake phases based on sediment 
characteristics. The methods used to collect and process the intact sediment samples 
are then described. The petrographic thin sections used in my study were previously 
sampled, processed, and described by Paul Goldberg and Francesco Berna (Berna et 
al. 2012; Goldberg et al. 2015). Next, I introduce my analytical protocol and illustrate the 
step-by-step process in a flow chart. The methods followed in this thesis are presented 
under the categories of Micromorphology (section 3.3.1) and Grain Size Distribution 
Analysis (section 3.3.2).  
3.1. Earlier Stone Age Deposits at Wonderwerk Cave 
The samples presented in my thesis were collected from the north and east 
profiles in Excavation 1 of Wonderwerk Cave by Paul Goldberg and Francesco Berna in 
2005, 2011, and 2013. Excavation 1 is located approximately 20 m from the cave 
entrance and has been the subject of extensive sampling and renewed excavations 
(Figure 2.2). The north profile of Excavation 1 is approximately 2 m high and 2.5 m 
across, whereas the east profile is approximately 2 m high and 6 m long (See Appendix 
A). Excavation 1 contains four archaeological strata (12–9) spanning the Earlier Stone 
Age, which include Oldowan, Acheulean, and late Acheulean stone tool technology 
(Chazan 2015; Ecker et al. 2018; Horwitz and Chazan 2015). Included in this study are 
18 thin sections from the north (n=4) and east (n=14) profiles that represent 19 
lithostratigraphic units spanning approximately 1 million years (see Appendix A for 
sampling location).  
3.1.1. Lithostratigraphy  
This thesis presents a refined lithostratigraphy for Excavation 1 with respect to 
Matmon et al. (2008), Berna et al. (2012), Chazan et al. (2012) and Goldberg et al. 
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(2015), which is illustrated in Figure 3.1. I identified 22 distinct lithostratigraphic units, of 
which 19 are discussed here. Each lithostratigraphic unit consists of a major unit (1 to 9) 
and a minor unit (a to d). Units 4a and 4b are further divided into subunits, where the first 
letter indicates the minor unit and the second letter refers to the subunit.7F8 This 
lithostratigraphy was based on observations of the north and east profiles, which indicate 
varying degrees of lateral variability. Table 3.1 lists the lithostratigraphic units in 
descending chronological order, along with the associated archaeological strata. The 
basal layer of the depositional sequence in Excavation 1, Unit 10, is omitted from this 
study since it is precultural and contains sediments accumulated before the cave was 
open to the landscape.8F9 Lithostratigraphic Unit 6b is not included here since it is 
comprised of dolomite roof spall and its diagenetic products, rendering it inapplicable to 
this study. Lithostratigraphic Unit 1c was also omitted as it is predominantly composed of 
calcified plant material composed of low crystallinity calcite (mFTIR determined 2020), 
rendering it inapplicable to this study.  
 
8 Units 4a and 4b were originally defined in Goldberg et al. (2015:622). 
9 See Goldberg et al. (2015:621,624) for further information. 
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Figure 3.1  Revised lithostratigraphy in Excavation 1.  
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Table 3.1  List and location of thin section samples from Excavation 1, north 
and east profiles, included in this study.  
LU  Archaeological 
Stratum 
Date* (Ma) Field Description** Thin Section 
Samples 
1a 9 0.78 Light brown sand with dark gray mm- to 
cm-sized stone fragments and sub-mm 
sized white particles. 
13-79A 
1b 9  Light brown to gray sand with dark gray 
mm- to cm-sized stone fragments and sub-
mm sized white particles 
05-01  
1c*** 9  Whitish gray fine sediment with a platy 
structure and a few mm-sized dark gray 
sand grains and orange mottles. 
N/A 
2a 9  Red sand containing mm-sized white 
specks with orange mottles and dark gray 
mm- to cm-sized sub-rounded gravel. 
05-01 
2b 9  Red partially cemented laminated silt and 
fine sand, white particles and mm-size 
rounded stone fragments.   
05-02B 
3 9 0.99 Light brown to gray, very cemented sand 
with dark gray mm- to cm-sized stone 
fragments and sub-mm sized white 
particles. 
11-06 
4a-a 10  Red fine sand with large stone fragments, 
fauna, cm-sized white nodules and lithic 
artifacts. 
11-08 
4a-b 10  Red fine sand with laminated darker bands 
and some dark gray mm- to cm-sized rock 
fragments.  
11-10A 
4b-a 10  Light red to reddish yellow laminated soft 
sand with mm-sized dark gray fragments 
and cm-sized white aggregates/ fragments. 
05-04 
4b-b 10  Light gray to white sediment with dark 
stains and irregularly laminated with 
orange fine sand.  
05-06A, 05-
07A 
4b-c 10  Reddish brown soft, fine sand with gravel, 
fauna, and artifacts. 
11-05 
5a 11 1.07 Light brown to light gray compacted sand 
with mm-size white aggregates/nodules, 
similar to 5c. 
11-02 
5b 11  Reddish yellow medium to fine sand. 11-02 
5c 11  Very pale brown to light gray compacted 




LU  Archaeological 
Stratum 
Date* (Ma) Field Description** Thin Section 
Samples 
6a 11  Pale brown compacted coarse to fine sand 
with some mm- to cm-size rocks. 
11-01A 
6b*** 11  Dark gray to brown sediment likely derived 
from the weathering of dolo-limestone. 
N/A 
7 11 1.78  Pale yellow to light gray compact fine sand 
with white speckled inclusions and some 
microfauna. 
05-08 
8 12  Reddish yellow fine sand with sub-mm 
white inclusions and some microfauna. 
05-08 
9a 12  Light gray to white laminated fine sand-silt 
with a dark black band at the bottom. 
05-09 
9b 12  Dark reddish brown soft fine sand with 




9c 12  Reddish brown medium to find sand.  05-11B 
9d*** 12 1.96  Red cemented fine sand with dark mm- to 
cm-sized gravel. 
N/A 
*Approximate dates based on Chazan et al. 2008, 2012. See Ron Shaar et al. 2021 for a revised chronology. 
**Based on Goldberg, Berna, and Chazan 2015 and Francesco Berna 2011 FTIR observations (unpublished). 
*** Not included in this study. 
3.2. Modelling Playa Lake Phases Based on Sediment 
Composition  
Since the different stages of the playa lake cycle produce distinct sediments, 
which are a function of lake level and environmental conditions, these sediments can be 
used as paleoenvironmental indicators. I developed a general model for the 
interpretation of sediments found in archaeological deposits and lunette dune 
sequences, which is summarized in Table 3.2. The model is based on a synthesis of 
previous playa lake studies conducted on archaeological sites, presented in Table 2.3, in 
combination with general playa lake processes. 
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Table 3.2 General model and criteria for the identification of playa lake phases 
based on sediment characteristics*.  
* This model is primarily based on studies from the Willandra Lakes Complex of Australia, and therefore, likely not 
universal.  
Three trends may be identified in the sedimentation of playa lakes. First, the 
types of minerals produced as the water evaporates shifts along a known continuum 
(i.e., carbonates to gypsum to halite to bitterns) (Figure 2.3). Although there may be 
variation depending on materials in the landscape, there are signature evaporite 
minerals indicative of certain lake phases (i.e., the presence of halite, bitterns, and some 
gypsum is indicative of a dry lake, whereas the presence of carbonates and gypsum is 
indicative of a full lake). Second, the average grain size of particles is reduced as the 
distance from the source increases and abundance of fine-grained minerals increases. 
This factor also coincides with an increasing roundness in particles, particularly as clay 
pellets are increasingly reworked. Although this is a general principle in sedimentology, it 
may be used to infer the distance travelled from the source to the location of deposition. 
I thus assume that mean grain size and roundness (as a function of reworking) of grains 
are a function of lake level (Magee 1991); this is particularly relevant to sediments 
produced in the mudflats of playa lakes. When the lake levels are lower, there is a 
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levels are high there is a coarser average grain size distribution as the sediment is 
sourced from the landscape and lake shore. This pattern may be recognized by left-
skewed and right-skewed particle size distributions in histograms. The third major trend 
that may be identified in the process of playa lake sedimentation is the frequency of 
grain types, specifically the ratio of clay pellets to quartz grains. Therefore, the 
identification of sediments associated with specific playa lake phases is based on three 
primary factors:  
1. Mineral composition, specifically the observation of evaporative minerals, 
quartz grains, and presence of clay pellets (Figure 2.3); 
2. Average grain size distribution expressed as percent volume; and 
3. The ratio of clay pellets to quartz grains. 
When a lake is full for a sustained period, the associated sediment will be 
primarily composed of coarse-grained quartz sand with perhaps a minor carbonate 
component (Table 3.2). During a lake full phase (Stage 1), the action of the water will 
transport quartz sand from the lake margins on the leeward side to a foreshore sand 
dune. I can expect to see sediments similar to those that can be found in a typical sand 
dune associated with a permanent body of water. As a lake starts to dry or experiences 
occasional periods of decreased surface water levels (e.g., Stage 2), exposed mudflats 
will allow for the development of clay pellets. Considering the trends identified above, it 
is expected that during Stage 2, the sediments produced by the lake consist of primarily 
sand-sized grains dominated by quartz with few clay pellets. These sediments are also 
likely to contain carbonates and be deposited in sandy clay dunes on the lake margins.  
           In Stage 3 (low level or frequently dry), the fluctuating lake levels and wet dry 
cycle, effectively distributes fine-grained material to the margins of the lake basin, which 
is then exposed allowing salt efflorescence to occur and clay pellets to develop. As the 
wind deflates the pellets from the mudflats, it mixes with quartz grains (i.e., companion 
sand) and is deposited on the shores in clay dunes. It is assumed that when the ratio of 
clay pellets (PC) to quartz grains (Qtz) increases the lake levels were fluctuating (Nathan 
Jankowski pers. comm. 2020). In advanced ephemeral states (Stage 4), there is a 
decrease in the average grain size and shift in the evaporite minerals from carbonates to 
gypsum and halite. It is also expected that the ratio of clay pellets to quartz grains will 
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increase at this stage. When a playa lake has reached Stage 5 (dry) and there is no 
longer any surface water, there is an increased proportion of fine-grained materials, 
halite, bitterns, and possible evidence of soil development.  
 Since the general characteristics of Stages 1 and 2 and of Stages 3 and 4 are 
similar, it is not likely that these stages are easily discernable from each other, using 
criteria identifiable in thin section, in any context other than its original. Distinguishing 
between these stages is especially challenging in regard to sediments deposited 1-2 
million years ago, as is the case at Wonderwerk Cave. Therefore, in my identification of 
playa lake stages for the ESA sequence at Wonderwerk Cave, I combine Stages 1 and 
2, and Stages 3 and 4 together, and refer to them as full lake phase and low fluctuating 
lake phase, respectively.  
3.3. Analytical Protocol 
The analytical protocol presented below was developed to isolate at the 
microscopic scale the redeposited sediment produced by a paleo-playa lake system. It 
combines a set of methods and techniques borrowed from sedimentology, soil 
micromorphology, geology, and pedology to infer phases of a playa lake using 
petrographic thin sections. The protocol was designed to ensure consistency during the 
analysis and to be adaptable for use on other archaeological sites and projects. This 
step-by-step protocol combines field observations, soil micromorphological observations, 
and grain size distribution analysis to infer playa lake phases and understand the 
general site formation processes that occurred at Wonderwerk Cave.  
The sequence of steps in this protocol is illustrated in Figure 3.2. The first step in 
the protocol requires the careful collection of micromorphological samples and 
processing of thin sections outlined in 3.3.1.1. Once the thin sections have been 
processed, the lithostratigraphy of the site must be calibrated at the microscopic level 
and any microfabric units identified (3.3.1.2). Next, photomicrographs are taken following 
the description in 3.3.1.3, which are then used to semi-quantitatively estimate grain size 
abundance (3.2.2) and estimate the mineral composition (3.3.1.7). The data deduced 
from the particle size analysis are then used to generate grain size distribution bar 
graphs (3.3.2) and to determine the sorting and texture (3.3.1.4). Visual observation of 
the photomicrographs in reference to comparative samples is then used to describe the 
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microstructure and c/f related distribution (3.3.1.5 to 3.3.1.6). Next, the groundmass is 
observed in terms of the characteristics of the coarse material and micromass, such as 
mineral composition, roundness of the coarse grains, and b-fabric of the micromass 
(3.3.1.6). The methodology used to describe pedofeatures and diagenesis is discussed 
in 3.3.1.8. Lastly, the parameters for the identification of clay pellets and their graphical 
comparison to quartz grains are described (3.3.3). 
 
Figure 3.2 Flow chart illustrating the sequence of steps taken to complete the 
protocol.  
3.3.1. Sedimentology and Soil Micromorphology  
Sedimentology is the study of unlithified rock fragments including the associated 
precipitates and biogenic matter (Adelsberger 2017:764). A primary goal of 
sedimentology is to understand the geographic and geological processes that led to the 
accumulation of a past deposit (Courty et al. 1989:80). This task is commonly tackled 
through the study of modern sediments and the processes and environments in which 
they are produced (Lewis and McConchie 1994). Sediments are typically described and 
classified according to their lithology, specifically structure, texture, and composition. 
Sedimentological facies form the basic units of a lithostratigraphic sequence that are 
used to reconstruct the history of deposits. Adequate interpretation of the sedimentary 
environment requires not only an understanding of the processes that produced the 
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sediment, but also the integration of 3-D relationships within and between facies (Lewis 
and McConchie 1994:17).  
The study of sediments is not a new practice in archaeology (Mallol and 
Goldberg 2017:359). While commonly assessed by geoarchaeologists (see Stein and 
Farrand 2001) , sedimentological data are often overlooked by archaeologists in favour 
of material culture and their associated distribution patterns (Karkanas and Goldberg 
2019:5). However, the sedimentology and stratigraphy of an archaeological site are 
crucial to understanding the context of artifacts. Thus, the role of sediments as “artifacts” 
should not be overlooked for their ability to tell us about depositional environments and 
environmental conditions associated with the archaeological record (Adelsberger 
2017:765; Goldberg and Berna 2010:57; Miller 2011).  
Soil micromorphology is the microscopic study of undisturbed soils and 
sediments processed into petrographic thin section. This analysis allows for the 
identification and interpretation of stratigraphic sequences at the microscale. Soil 
micromorphology is a powerful tool for understanding site formation processes and the 
relationship between soils, sediments, and the archaeological record (Karkanas and 
Goldberg 2017:834–835). The application of this method in archaeology allows for an 
unprecedented micro-contextual resolution of deposits not afforded by other bulk 
analytical methods (Goldberg and Berna 2010:57). It has been used by archaeologists in 
rock shelter and cave settings since the 1980s to explore a variety of archaeological and 
geological topics (Mallol and Goldberg 2017:359). Since the characteristics of soils and 
sediments are a product of specific environmental conditions and processes, soil 
micromorphology is a fundamental method used in the paleoenvironmental 
reconstruction of archaeological sites.   
The paleoenvironmental reconstruction at an archaeological site ideally relies on 
high-resolution contextualized information. The stratigraphic sequence at Wonderwerk 
Cave was first established to understand the temporal and geological relationships of the 
deposit (see Karkanas and Goldberg 2019 for a detailed overview of field descriptions in 
archaeology). Field observations of the deposit based on conventional descriptive 
parameters such as colour, composition, texture and structure were used to define 
distinct lithostratigraphic units that together comprise the lithostratigraphy (Chazan et al. 
2008:3; Goldberg and Berna 2010:57; Goldberg et al. 2003:3). The lithostratigraphy is 
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independent of the archaeostratigraphy; the former is defined by the observed 
lithological properties of the sediment, whereas the latter is characterized by artifact 
assemblages (Goldberg et al. 2003:3, 2017:841–842; Goldberg and Macphail 
2017:533).  
3.3.1.1 Sampling Intact Sediment Blocks  
Micromorphological sampling involves the removal of undisturbed blocks of 
sediment from an excavated or exposed profile. There are several techniques employed 
by soil micromorphologists (see Courty et al. 1989:chap. 3; Paul Goldberg and Macphail 
2003 for review of sampling methods). The micromorphology blocks I examined were 
sampled selectively across the north and east profiles of Excavation 1 in 2005, 2011, 
and 2013 (See Appendix A for location of blocks). Given the variable conditions of the 
sediment and inclusion of large clasts, the samples were collected by carving out the 
desired area in the profile and then the blocks were either wrapped with tissue paper 
and packing tape or consolidated in a cast of gypsum cloth (Goldberg et al. 2015:618). 
Thin Section Preparation 
The intact blocks were sent to the former MicroStratigraphy Laboratory at Boston 
University, where they were oven dried over the course of several days at 60oC. Once 
dry, the blocks were impregnated with a diluted solution of unpromoted polyester resin 
and styrene at a ratio of 7:3. The blocks were left to harden over several days/weeks 
before being cut into slices (50 x 75 x 10mm) using a rock saw. The slices were 
processed into 30 μm-thick petrographic thin sections at Spectrum Petrographics, 
Vancouver, WA (Berna et al. 2012:E1220; Goldberg et al. 2015:618–619). 
3.3.1.2 Microfabric Units: Lithostratigraphy at the Microscale  
The lithostratigraphy at the archaeological site always needs to be redefined and 
refined at the macro-, meso-, and microscopic level. It is thus essential that whatever is 
observed under the petrographic microscope is contextualized and supplemented with 
the field observations (Bullock et al. 1985:10). Macphail and Goldberg (2018:74–75) 
describe this step as the “first level of observation.” To bridge the gap between field and 
microscope, the thin sections and cut blocks were thus examined at low magnifications 
(1x to 20x magnification) and associated with a lithostratigraphic unit (LU), identified in 
the field (Table 3.1). After that, the microfabric units (μFU), and/or micro-layers (µL), 
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composing each LU were identified. Through this process of cross-referencing and initial 
thin section observation, I established the microstratigraphic units and identified the 
boundaries between each LU.  
Since the lithostratigraphic units and microfabric units have varied vertical and 
lateral extents across Excavation 1, the combined microstratigraphy and lithostratigraphy 
represents an idealized deposit. This approach to a complex stratigraphy is like that of 
Claus Fallgatter et al. (2017:6) and allows for streamlined and efficient analysis. Finally, 
the identification of microfabrics in this study was limited to what has been recorded in 
thin section and it is likely that more microstratigraphic variation exists in this deposit.   
3.3.1.3 Micrographs and Subsamples  
My protocol was based on image analysis, whereby micrographs form the 
foundation of this research and are therefore the most important part of this analytical 
approach. The purpose of the micrographs was to record the groundmass of each 
lithostratigraphic unit (LU) and/or microfabric unit (µFU), where present9F10. The 
groundmass was the focus of this investigation as my aim was to reconstruct phases of 
the playa lake relying on the detection of sedimentological proxies and diagenetic 
processes. Each micrograph functions as a subsample of a given LU or µFU, allowing 
for statistical analysis. The locations of the micrographs were carefully selected to 
ensure they were representative of the LU or µFU. Therefore, the subsamples are not 
representative of the vertical and lateral variation of the stratigraphic sequence in 
Excavation 1. The use of micrographs allows the analysis to be conducted several times, 
or repeated by others, on the same subsample.  
The micrographs were taken with an Olympus BX41 petrographic microscope 
equipped with a Lumenera Infinity 2 camera (2080 x 1536; 3.3 megapixels). Where 
microfabric units were identified in thin section, a minimum of one/no more than three 
sets of micrographs were taken, each of which included a total of four images 
representing one subsample. The images were taken using the 4x and 10x objectives 
under plane-polarized light (PPL) and cross-polarized light (XPL). The micrographs were 
carefully labeled, and their location marked with a black box on a scanned version of the 
 
10 Not all lithostratigraphic units have distinct microfabric units. Where a lithostratigraphic unit is 
comprised of distinct (i.e., distinguishable in selected thin sections) microfabric units or layers, each 
microfabric unit/layer has its own set of micrographs (see below) 
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thin section (Appendix D). The use of PPL and XPL micrographs follows standard 
practice in soil micromorphology and can be used to aid in the identification of minerals, 
diagenesis, and b-fabrics. The objectives used to take the micrographs were selected 
according to the target grain size. Specifically, the 10x objective was chosen to focus on 
the identification of grains that are deflated from playa lake surfaces, commonly found in 
lunette dunes, and are aeolian transported via traction, saltation, and suspension. This 
includes coarse sand- to clay-sized grains. The micrographs taken with the 10x objective 
under PPL were the primary images used in the following analysis with cross reference 
to the associated XPL image. The images taken with the 4x objective provided a broader 
view for the images analyzed. 
In most geological studies, the results are based on a set of samples that are 
extrapolated to represent the entire lithostratigraphic unit. The sample size reflects the 
accuracy of the results and is established according to a range of factors. These factors 
include, but are not limited to, cost, efficiency of time, precision of method, sorting of a 
sample, and variability within a lithostratigraphic unit (Sanei et al. 2016:254). Given the 
temporal and monetary constraints of this project in combination with the preliminary 
application of this method (i.e., playa lake sediments in a cave environment), an 
unconventionally small sample size was used to represent lithostratigraphic (n=3) and 
microstratigraphic units (n=1–2). The sample size used in this analysis does not fully 
account for the vertical and lateral variation present in select lithostratigraphic units nor 
does it provide a statistically significant number of measurements. Despite this factor, 
the results of this study should not be discounted for these reasons, rather it should be 
acknowledged that the samples in this study may not represent the actual the variability 
that exists across the lithostratigraphic units.  
3.3.1.4 Texture and Sorting  
Soil texture is an overarching term that encompasses the physical properties of 
the constituent elements in a soil or sediment, such as particle size, sorting, particle 
roundness, and particle shape. In this study I use “texture” to refer to the relative 
proportions of different sized grains in a soil or sediment (Brady and Weil 2004:97–98). 
The determination of texture is important for this study as it primarily reflects the 
characteristics of the parent material (i.e., the sediment), as opposed to soil formation or 
post-depositional processes. The texture classification follows the terminology used in 
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soil science, but here I used a modified version of the method (see Courty et al. 
1989:35). Since my protocol centers on the use of petrographic thin sections, traditional 
field techniques, such as the “feel” or “hand texturing” methods are not applicable (Brady 
and Weil 2004:103). To estimate the texture of each LU, the average abundance 
(percent) of clay-sized grains, silt-sized grains, and all sand-sized grains were compared 
to the soil textural triangle used in soil science (Brady and Weil 2004:101; Courty et al. 
1989:37).  
The sorting of a sediment refers to the degree of variation in grain size classes 
(Bullock et al. 1985:26; Stoops 2003:48). This descriptive measure may be defined 
through statistical expression or using a visual key. My sorting of subsamples followed 
Stoops (2003:section 4.3.4). The results of the particle size analysis determined the 
range of grain sizes and frequency of each size class. These data were then compared 
to the description of each sorting category as set out by Stoops (2003: section 4.3.4), 
which are defined based on the percent of the sediment belonging to a grain size class 
other than the most dominant size class.   
Table 3.3 Sorting categories. 
Sorting Description 
Perfectly Sorted One size class present  
Well Sorted  5–10% of fractions other than a given size class 
Moderately Sorted 10–30% of fractions other than given size class 
Poorly Sorted  Sorted component is not dominant  
Unsorted  Mix of size classes; no classes more sorted 
Note: Based on Stoops 2003, section 4.3.4. 
3.3.1.5 Microstructure  
Microstructure (soil structure) describes the relationship between the solid and 
voids (Stoops 2003:67). To determine the microstructure of each lithostratigraphic unit, I 
used the subsample micrographs taken with the 4x objective. The microstructure 
classifications follow Bullock et al. (1985:39–48) and Stoops (2003:67). When more than 
one micrograph was used to estimate the grain size distribution for each LU, the same 
number of subsamples was used to determine the microstructure. Where the 
microstructure differed from one subsample to another within the same unit, it was noted 
accordingly.  
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3.3.1.6 Groundmass: c/f Related Distribution, Coarse Material and 
Micromass  
Groundmass refers to the matrix of a soil or sediment. It encompasses all the 
elements that make up the base material in a thin section, including the coarse material, 
fine material, and voids, but excludes pedofeatures that are discussed below (Stoops 
2003:91). I adopted Stoops’ criteria (2003:91–100) to describe the characteristics of the 
coarse material and fine material, and the relationship between them.  
Coarse versus fine (c/f) related distribution refers to the organization of coarse-
grained elements in relation to fine-grained elements in a fabric (Bullock et al. 1985:35–
38; Stoops 2003:42–43; 92–93). In this thesis, the c/f limit is set to 2 micrometers 
(c/f2μm), whereby coarse sand to silt-sized grains make up the coarse fraction and clay-
sized minerals makes up the fine fraction. The general c/f related distribution descriptive 
terminology follows Stoops (2003:42–44). Since distribution patterns reflect change to a 
fabric and c/f related distributions may be considered characteristic of certain soils, it 
may be used to further differentiate between lake derived sediments, post-depositional 
changes to the groundmass, and fabric elements from other sources (Bullock et al. 
1985:50,65; Stoops 2003:41–42). 
Coarse material is defined as elements of the groundmass that are silt-sized (>2 
μm) to coarse sand-sized (500–1000 μm). Very coarse sand (1000–2000 μm) was 
excluded from this study since, due to its size, it is less likely sourced from a playa lake 
and grains of this size are too large for the magnification chosen. The coarse material is 
described on the basis of its composition, where the constituent elements are classified 
according to size, roundness, and mineral type. Defining the components of the coarse 
material is an essential step towards uncovering the potential role of lake sediments. By 
breaking down the elements of the coarse material and identifying materials, the origin 
and nature of parent materials can be inferred and diagenetic activity and human impact 
can be discerned (Bullock et al. 1985:50; Stoops 2003:71). Determining the roundness 
of the grains can help infer the origins of the material. When paired with size, I have the 
option to infer the distance and mechanism by which the sediment may have travelled 
(Bullock et al. 1985, 38). The mineral composition and size of the grains were inferred 
from the estimated particle size analysis and mineral composition for each subsample 
(see below). The roundness of the coarse materials was determined following Stoops 
(2003:52–53) and classified according to the degree of sharpness exhibited by the 
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edges of a grain. Clay pellets were included as a component of the coarse fraction, but 
were additionally described in greater detail (see section 3.3.3). 
Micromass, or fine component, refers to the clay-sized grains (<2 μm). Similar to 
the coarse component, the fine material was described according to its abundance, 
estimated mineral type (i.e., clay mineral), and b-fabric. It is important to classify and 
describe the fine materials because they reflect the history and evolution of the deposits 
and can aid in the interpretation of material origin (Bullock et al. 1985:65; Macphail and 
Goldberg 2018:89–90; Stoops 2003:85). Understanding the “evolution” and any 
development of soil (or in this case, pedofeatures as indicators of diagenetic activity) 
helps to isolate the original sediment that may reflect the paleoenvironment outside the 
cave. The mineral composition was inferred based on the estimated particle size 
analysis and mineral composition for each subsample (see below). The b-fabric, or 
birefringence fabric, is used as a proxy to describe the micromass because the fabric 
elements are too fine to be observed using an optical petrographic microscope (Stoops 
2003:94). The b-fabric was observed from the 10x objective XPL micrographs and the 
descriptive nomenclature follows Stoops (2003:95–98).  
3.3.1.7 Mineral Composition 
The identification of minerals and estimation of mineral composition in sediments 
contributes to an understanding of sediment origin, nature, deposition, and diagenesis 
(Courty et al. 1989; Karkanas and Goldberg 2019:2). The successful identification of 
basic key minerals helps to characterize natural sediments and therefore can aid in the 
understanding and identification of sediments associated with phases of the playa lake. 
Given the scale and scope of my research, I identified coarse mineral grains belonging 
to three groups: single mineral grains; compound mineral grains; and inorganic residues 
of biological origin. Specifically, I focused on the identification of quartz grains, calcite 
(micritic and sparitic), banded ironstone (BIF) (and other microcrystalline rocks), calcite 
pseudomorphs (wood ash), and bone. These coarse minerals were identified using the 
PPL and XPL micrographs according to colour, relief, fracture (cleavage), extinction, and 
interference colours, following the methods outlined by Andrew J. Barker (2014). Since 
the size of fine-grained minerals (<2 μm) is beyond the resolution of the petrographic 
microscope, I described them based on observation of colour, limpidity, and interference 
colours, and simply refer to them as clay (sized) minerals (Fallgatter et al. 2017:17; 
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Stoops 2003:94). The mineralogy was supplemented with data derived from FTIR and 
mFTIR wherever possible (see section 3.4).  
Once I identified the minerals present in each micrograph (i.e., subsample), I 
used visual graphs to estimate the percent composition of each mineral, and recorded it 
in a Microsoft Excel spreadsheet. Unlike the particle size abundance estimates, the 
mineral composition was estimated based on the solid groundmass and not out of the 
entire field of view. Although composed of several minerals, I included clay pellets here 
as their own category and treated them as if they were a single element. The 
composition of the clay pellets is discussed in section 3.3.3.  
3.3.1.8 Diagenesis and Pedofeatures 
As mentioned in section 2.3.1, diagenesis, or post-depositional process, refers to 
the physical and chemical changes to a sediment occurring since time of deposition 
(Courty et al. 1989:138; Karkanas and Goldberg 2017:883, 2019:75). A pedofeature is a 
distinct fabric unit found in soils that is derived by diagenetic and soil forming processes 
and is distinguishable from the groundmass (i.e., parent material) based on its internal 
fabric or concentration of its components (Stoops 2003:101).The goal of identifying 
diagenesis and pedofeatures in the subsamples was to help me understand the changes 
to the sediment that have taken place since deposition in the cave. Through recognizing 
post-depositional processes, I was able to isolate the characteristics of the sediment that 
can tell us about lake phases. This analytical step was particularly important since caves 
are rich with diagenetic activity (Goldberg et al. 2015; Karkanas and Goldberg 
2013:292–294; Karkanas et al. 2000:916; Weiner et al. 1993). The descriptive 
nomenclature and methods of identifying diagenesis and pedofeatures follow Courty et 
al. (1989:chap. 8) and Stoops (2003:chap. 8). Examples of diagenetic features and 
pedofeatures discussed in the results are presented in Figure 3.3. 
The identification of certain diagenetic features and understanding their formation 
processes can aid in the interpretation of local environmental conditions and even 
provide insight to the properties of the original sediment (Mallol and Goldberg 2017:373). 
This is especially true regarding chemical diagenetic processes operating in caves. For 
example, water is required for the precipitation and dissolution of minerals in cave 
sediments, so if these features are identified, the presence of water may be inferred. 
Chemical diagenesis largely occurs at or near the surface of cave deposits and slows 
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with increasing depth. This fact means that the majority of diagenesis takes place soon 
after deposition or burial, where “soon” is approximated as ≤10% of time since the 
sediment is deposited (Karkanas et al. 2000:917). Thus, the diagenetic characteristics 
observed in a stratum will reflect the conditions prevailing at the surface and or soon 
after deposition (Karkanas et al. 2000:917,926).  
Secondary calcium carbonate precipitation (i.e., calcite pedofeatures) commonly 
occurs in karstic cave settings and may be caused by several water related processes 
(Adelsberger 2017:769; Karkanas and Goldberg 2019:188; Mallol and Goldberg 
2017:362). Cave sediments can become cemented in calcite through the precipitation of 
calcium carbonates present in water flowing and dripping in the cave (Figure 3.3-A) 
(Karkanas and Goldberg 2019:187). It is important to note that it is possible for 
cemented sediments to have originally contained primary carbonates (Karkanas et al. 
2000:917). The slaking and coalescence of clay pellets is another diagenetic feature 
caused by exposure to water (Figure 3.3-B) (Dare-Edwards 1982:182–183). Dare-
Edwards (1982) has noted the fusion and slaking of clay pellets, particularly in Type B: 
Calcinsepic (calcitic speckled) pellets (see section 3.3.3), to varying degrees in Mungo 
lunettes in response to cycles of wetting and drying. This pedogenic feature is observed 
in the calcitic speckled clay pellets of Wonderwerk Cave (Figure 3.3-B).  
Post-depositional changes to sediments may occur when heated or burnt. An 
indication of burning, particularly in inorganic contexts, recognized microscopically is 
reddening (rubefaction) and charring (e.g., blackening). Reddening can occur as iron in 
the soil and sediment is oxidized and when iron hydroxides loose water (Figure 4.12-G; 
Appendix D) (Röpke and Dietl 2017:173). Furthermore, the formation of authigenic 
phosphates is a common diagenetic process observed in caves. Phosphate diagenesis 
is driven by hydrological activity and stems from the decay of organic materials and 
minerals. This process is often exacerbated by the phosphate rich animal dung and bat 
guano present in caves (Karkanas and Goldberg 2019:68,85; Karkanas et al. 2000:916). 
A variety of anthropogenic materials, such as ashed plant material (e.g., wood ash) and 
bone, and geological materials, such as dolomite and other carbonate rocks, may be 




Figure 3.3 A) Cementation of the coarse compents by secondary calcium 
carbonate precipitation, thin section WW05-01, LU 1b, XPL; B) 
Partial disaggregation of Type B calcitic speckled clay pellets, thin 
section WW11-10A, LU 4a-b μFU 8, PPL; C) Ashed plant material 
preserved as micritic calcite, thin section WW05-01, LU 2a, XPL; D) 
Fine material primarily composed of diagentic phosphates, thin 
section WW05-08, LU 7, PPL; E) Fine sand-sized dark red FeMn rich 
concentric clay nodule with low birefringence (red arrow), thin 
section WW11-05, LU 4b-c, XPL; F) Partial clay coating of quartz 
grains (red arrows), thin section WW11-06, LU 3, XPL. The scale bar 
is 500 μm.  
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3.3.2. Grain Size Distribution Analysis 
The grain size distribution analysis I conducted is a simple approach to 
measuring grain size of unlithified sediments processed in petrographic thin sections. 
Sieve analysis of unconsolidated sediments or crushed rock to obtain grain size 
distributions may be considered the conventional method (Kellerhals et al. 1975:79). 
However, measurement of grain sizes from thin section is not a new practice. Efforts 
have been made over the last century to mathematically and graphically deduce the 
correlation between grain size distributions obtained through sieving and those gathered 
through petrography (Friedman 1958; Goldsmith 1967; Johnson 1994:998; Kellerhals et 
al. 1975; Rosenfeld et al. 1953). A common denominator amongst these foundational 
studies is that they all generally discuss grain size determination of consolidated rocks 
and they suggest that particle measurements obtained using thin sections fall short of 
the measurements obtained by sieving volumetric (bulk) samples (Johnson 1994; 
Kellerhals et al. 1975). Although this may be true, the purpose of this study was not to 
determine exact grain size measurements, but a distribution of the grain sizes in each 
lithostratigraphic and microstratigraphic unit. Considering the goal of this study, the 
underestimation of particle size diameters likely present in these data, should not 
drastically alter the results. For a detailed sedimentological study of Wonderwerk Cave, 
including mean grain size distribution, see Matmon et al. (2012). 
Particle Size Analysis  
Particle size analysis is the best methodological approach to use when the aim of 
a project is to characterize the parent material (Macphail and Goldberg 2018:39). The 
method used to determine the particle size in this research follows parameters 
specifically designed for soil micromorphology (i.e., size limits and estimates of particle 
size abundance used by pedologists) as opposed to sedimentology (i.e., phi scale). 
However, the data I produced could still be used to conduct statistical analyses more 
commonly used in sedimentology.  
The grain size estimates for each subsample were calculated using the PPL 
micrograph taken with the 10x objective. Particle size was determined by measuring the 
apparent long axis, as recommended by M. R. Johnson (1994:998) (Fallgatter et al. 
2017:17). The size limits for the grain size classes follow Stoops (Stoops 2003:49) and 
are presented in Table 3.4. 
53 
Table 3.4 Grain size classes and size limits.  
Size Class Size Limits (μm) 
Clay <2 
Silt 2–50 
Very fine sand (VFS) 50–100 
Fine sand (FS) 100–200 
Medium sand (MS) 200–500 
Coarse sand (CS) 500–1000 
 
Next, the percent abundance of each size class was estimated using the “percent 
of area covered” graphics calibrated for use in soil micromorphology and presented by 
Stoops (2003, Fig 4.11). I included an estimate of the percent abundance of voids in the 
subsample. In this analysis, the percent abundance refers specifically to the percent of 
the total area occupied by each size class in the field of view (10x objective micrograph). 
The abundance of the fine-component was estimated by the areas of the sample 
covered by grains that cannot be optically distinguished from each other (Fallgatter et al. 
2017:17). 
Graphing Grain Size Distribution  
The graphical representation of grain size data is a common practice in 
sedimentology and soil science. This process generally allows statements to be made 
about sediment samples and aids in the identification of distribution patterns. 
Furthermore, graphical representations can be used to compare samples and may be 
used to calculate simple descriptive statistics, such as mean grain size, sorting, 
skewness, and kurtosis (Mcmanus 1988:73–76).  
The simplest way to graphically present the grain size distribution of a sediment 
sample is a histogram: grain size is plotted on the x-axis as the independent variable 
and the total percent of each grain size class is plotted on the y-axis as the dependent 
variable. In sedimentology, the grain size is plotted in equal increments across the 
horizontal axis, usually represented as phi (Mcmanus 1988:73–74). The grain size 
divisions used in soil micromorphology present limitations to this method. The Wentworth 
scale, specially designed for use in sedimentology, is based on the factor of 2 and is 
used to translate grain diameter to phi scale using equal scale divisions (Mcmanus 
1988:73–74). However, grain size divisions, as suggested by Stoops (2003:49), are 
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categorical variables. Therefore, they are not based on a factor of 2, nor do they 
represent equal scale divisions. Given this discrepancy, the grain size estimates I used 
were produced graphically as bar graphs, with grain size presented as categorical, not 
continuous, variables.  
A multi-step process was followed to graphically represent the grain size 
estimates for each LU or µFU, using the corresponding subsamples (i.e., micrographs). 
The first step was to normalize the grain size data for each subsample on a void-free 
basis, since the original particle size analysis included voids as a percent of the total 
sample. To calculate the grain size estimates of a sample, the estimated percentage of 
voids (V) was subtracted from the total sample (100%). The estimated percent of each 
grain size category was then divided by the percent of the solid fraction. These simple 
calculations normalized the grain size estimates to account for only the solid fraction of 
the sample. The average abundance of each grain size category was then calculated for 
each lithostratigraphic unit using the normalized grain size frequency estimates from the 
associated micrographs (subsamples). Finally, the standard deviation for each grain size 
class in the LU was calculated. These steps were followed for every LU. The calculations 
were conducted and recorded using Microsoft Excel.   
The bar graphs were generated using the ggplot2 function in R studio. The grain 
size classes were plotted on the x-axis as categorical variables and the average 
abundance for each lithostratigraphic unit was plotted on the y-axis. The standard 
deviation of each grain size class was added to display the range in frequency observed 
across the samples.    
3.3.3. Clay Pellets 
Different types of clay pellets with varying compositions are associated with playa 
lakes and may be identified in lunette dune sediments. Three general types are 
summarized in Figure 3.4 based on J.W Magee (1991) and A.J. Dare-Edwards 
(1979:22–25, 1984). Type A pellets (Figure 3.4, left) are clay flakes (also referred to as 
‘rip-up clasts’) characterized by the parallel microlamination of clay and their long platy 
morphology (Dare-Edwards 1979:24, 1982:180; Jankowski et al. 2020:9; Magee 
1991:27; Matmon et al. 2012:621; May et al. 2015:101; Muller et al. 2004:537,543). 
These may represent laminated lacustrine sediment as reworked mud flaked from the 
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drying playa lake surface and may be iron stained (Dare-Edwards 1979:24; Magee 
1991:27). While Type A pellets only represent a small fraction of the total clay 
aggregates present in dunes, Type B, calcitic speckled (calcinsepic) pellets (Figure 3.4, 
center), are the most commonly occurring pellet type. They are characterized by a clay 
matrix with silt-sized carbonate microcrystals and iron manganese nodules as well as 
silt- to fine sand-sized quartz grains. They are typically sub-rounded to sub-spherical and 
range in size from 50–2000 μm (Dare-Edwards 1979:24, 1982:180). The clay matrix 
most commonly exhibits random orientation, but they may have a highly oriented b-fabric 
(Bowler 1973:331). Type C intergrade pellets (Figure 3.4, right) are also a minor 
component of most clay dune deposits. They are similar in size and shape to Type B  
pellets but contain laminated clay flake fragments in their clay matrix (Dare-Edwards 
1979:24–25, 1982:180, 1984; Magee 1991).  
 
Figure 3.4 Clay pellet types from Wonderwerk Cave according to terminology 
of Magee 1991 and Dare-Edwards 1979, 1982. Type A: Clay flakes 
(i.e., ‘rip-up clasts’) are characterized by parallel microlaminated 
clay, typically platy and long ranging in size from 100–5,000 μm 
(WW05-10B). Type B: Calcinsepic/calcitic speckled pellets may be 
sub-rounded to sub-spherical and have a clay matrix with silt-sized 
microcrystals of carbonates and FeMn nodules. They may also 
contain silt- to sand-sized quartz grains and range in size from 50–
2,000 μm (WW11-10B µFU 8). Type C: Intergrade pellets are similar to 
Type B in shape and size, but have a clay matrix containing 
laminated clay flake fragments (WW11-10B µFU 1). Scale bars are 
equal to 500 μm. 
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The types of clay pellets described above can be used to generally categorize 
different pellets formed on playa lake surfaces and may be found in a clay lunette10F11. 
However, the composition of pellets may vary as they reflect the geological materials 
and minerals present on the landscape. Some inclusions that may be present in clay 
pellets include, but are not limited to, quartz, kaolinite, illite, smectite, chlorite, feldspar, 
and carbonates (Pye and Tsoar 2009:93). Clay pellets have been reported in a range of 
colours, from pale brown, pale yellow, to pinkish orange, red, and dark brown (Dare-
Edwards 1979:24; Goldberg et al. 2015:625; Magee 1991:27). The range of colours may 
be equated as a function of the ratio of iron oxides in the pellet (Muller et al. 2004:543). 
The proportion of carbonates, as a function of the playa lake sediment (i.e., parent 
material) composition and secondary precipitation, will also influence the colour of the 
pellets. The secondary precipitation of calcite, expressed in Type B pellets, likely occurs 
due to several wetting and drying cycles. As water is reintroduced into the system, it may 
percolate through previously developed aggregates and reprecipitate as carbonate 
crystals as it once again dries (Muller et al. 2004:543). Clay pellets may also become 
plastic and merge when exposed to water. Type A and Type B pellets are particularly 
susceptible to collapse as they may swell and fracture (Dare-Edwards 1979:32; Magee 
1991; Pye and Tsoar 2009).  
The clay pellets were examined in great detail to aid in the interpretation of lake 
phases. The size, shape, and mineral composition of the clay pellets were recorded for 
each applicable subsample. The size of the clay pellets is likely relative to the degree of 
reworking experienced by these grains as they are transported via saltation over a 
distance11F12, and therefore may be used to infer the level of the lake (Magee 1991:27). 
The size of the pellets was determined to estimate the grain size abundance and 
expressed as a range (smallest to largest). The shape of these aggregates relates to 
their origin and method of transport. Following Stoops (2003:51), equidimensionality (i.e., 
an expression of the ratio between the three principle axes of a particle) was used to 
describe the shape of the pellets. The general shape of the clay pellets at Wonderwerk 
Cave was also determined through the observation of loose sediment samples collected 
 
11 It is important to note again here that clay pellets deflated from playa lakes may not be deposited 
in a lunette dune. 
12 The distance between the cave entrance and playa lake is unknown. Therefore, the distance of 
clay pellet transport is not known; however, it was likely in the range of a few hundred meters.  
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in 2019 (see Appendix E). The mineral composition of the clay pellets was estimated 
following the same methods (i.e., micromorphologically and mFTIR) used to estimate the 
composition of the micrograph (see 3.3.1.7).  
Graphing Pelletal Clay and Quartz Ratios  
Sand-sized quartz grains that are deflated alongside clay pellets are known as 
companion sand and the relative ratio of pelletal clay to quartz grains (PC:Qtz) in a 
sediment may be an indicator of past lake levels (Dare-Edwards 1979:25; Nathan 
Jankowski, pers. comm. 2020). Therefore, through the visual representation of this data I 
can compare these ratios across LU, which can aid in the interpretation of lake phases. 
These graphs were created for LU/µFU containing pelletal clay identified as a coarse 
component of the fabric. Since I wanted to directly compare the percent composition of 
pelletal clay to quartz grains, I normalized the mineral abundance estimates to only 
include these grain types. I then calculated the average percent of pelletal clay and 
quartz grains for each LU/µFU as well as the standard deviation to show the variation 
across the subsamples within a LU/µFU (Appendix B). Finally, I used the ggplot2 
function in R studio to generate a bar graph representing the pelletal clay to quartz ratio 
for each unit.  
3.4. Fourier Transform Infrared Spectrometry (FTIR) and 
Micro-spectrometry (mFTIR) 
The loose sediment samples collected in the field were analyzed by FTIR using a 
Thermo-Nicolet iS5 spectrometer.  A few micrograms of well-crushed sample were 
suspended in 5 mg of IR grade potassium bromide (KBr), pressed into a 7-mm die and 
placed in the spectrometer. FTIR was performed in transmission mode from the 400 to 
4000 cm-1 wavenumbers spectral range. For each spectrum, 32 scans were collected 
with a resolution of 4-cm-1 wavenumbers. The sediments were all run in bulk. Some 
particles and areas included in the petrographic thin sections were analyzed by mFTIR 
using a Thermo-Nicolet iN10 MX FTIR mapping microscope in transmission and in 
reflection mode. The FTIR spectra were analyzed using the reference spectral libraries 
available to the SFU Geoarchaeology Lab. 
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Chapter 4.  
 
Results  
This chapter presents the results of my study of thin sections processed from the 
Earlier Stone Age Deposits in Excavation 1 at Wonderwerk Cave. I applied the analytical 
protocol in Chapter 3 to test if micromorphological and grain size distribution techniques 
can be used on petrographic thin sections to identify sediments associated with past 
paleo-playa lake phases in a present-day semi-arid environment. The 
micromorphological and field observations are described in detail for each 
lithostratigraphic unit. Each description includes an analysis of the grain size distribution 
data, which is presented with the raw data table and a bar graph with a representative 
micrograph. I then compared the descriptions for each lithostratigraphic unit to the 
general playa lake phase model (Table 3.2) and grain size distribution trends (section 
3.2) and provide an interpretation of the lake phase. 
4.1. Micromorphology and Grain Size Distribution by 
Lithostratigraphic Unit 
The micromorphological descriptions of the lithostratigraphic units are presented 
below in order of deposition (i.e., from the bottom) starting with Unit 9c. The grain size 
analyses are presented in a series of tables and the distribution of each size class is 
displayed in the bar graphs. The description of the lithostratigraphic units below is based 
on field observations (colour, thickness, presence of artifacts, fauna, sedimentary 
features), micromorphological observations (texture, sorting, microstructure, 
pedofeatures), and grain size distribution analysis (grain size abundance, mineral 
composition)12F13. The descriptions are followed by an interpretation of the inferred lake 
phase. The exception is Unit 4a-b, for which results are presented in section 4.2. It 
should be noted that “cum %” represents the cumulative percent of each subsample and 
is considered in the discussion. The scale bar is equal to 500 microns in all images in the 
results section.  
 
13 See Goldberg et al. (2015) for a more comprehensive analysis of the micromorphology.  
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4.1.1. Lithostratigraphic Unit 9c 
Unit 9c is the lowermost lithostratigraphic unit analyzed in this study and is 20–25 
cm thick (Figure 3.1; Appendix A). It is underlain by Unit 9d, which is heavily bioturbated 
and not included in this study. The microfabric is composed of reddish brown well to 
moderately sorted sandy clay loam sediment. The micrographs (i.e., subsamples 1, 2, 3) 
reveal that the microfabric units composing LU 9c show an intergrain microaggregate 
(micrograph/subsample 1) to pellicular microstructure (micrograph/subsample 3) with a 
close to single spaced enaulic c/f related distribution. The grain size distribution is 
bimodal, revealing a sediment primarily composed of fine sand, very fine sand, and clay-
sized grains (Figure 4.1; Table 4.1). There are consistently few silt-sized grains across 
the samples and those present are clay intergrain microaggregates. The composition of 
the coarse component is almost entirely well-rounded to rounded quartz grains with very 
few rounded sedimentary grains, while the fine component is comprised of clay minerals 
(Appendix C). There is a moderate degree of variability across the subsamples in all 
categories, except silt. This pattern is reflected by the changes in colour that can be 
observed across the microfabric units in thin section WW05-11B (Appendix D). The 
lighter reddish yellow finely laminated sediment is dominated by fine and very fine sand-
sized quartz grains, and the darker reddish yellow finely laminated sediment has a 
higher abundance of clay minerals compared to fine sand and very fine sand-sized 
quartz grains. Medium sand-sized grains were only observed in subsample 3, 
accounting for the moderate standard deviation. In addition to the finely laminated sand, 
this unit is also characterized by bedded clasts of mm- to cm-sized banded ironstone 
and dolomite and winnowing features due to flowing water (Appendix D). All subsamples 
contain few fine sand-sized quartz grains with clay coatings.  
Interpretation: The micromorphological characteristics strongly suggest that 
the sediment of Unit 9c was possibly water deposited and certainly water reworked. 
Goldberg et al. (2015:638–639) suggest that a stream existed outside the cave at this 
stage, which intermittently flowed inside the cave, depositing coarser grains and 
reworking and removing finer grains. Thus, it is hypothesized that this low energy 
sedimentation is the result of unchanneled flow, such as sheetwash, introducing and 
reworking fine grain sediment inside the cave. These observations may reflect a period 
of increased wetness; if a lake were present, it would likely have been full.  
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Figure 4.1 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 9c; (B) Micrograph of subsample 1 Unit 
9c, from thin section 05-11B (Appendix D), PPL; (C) Same as B, but 
XPL. The scale bar is 500 μm. 
 
Table 4.1 Grain size estimates for lithostratigraphic Unit 9c. 
  WW05-11 3 WW05-11 4 WW05-11 6     
















0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 
1.0 MS 0.0 0.0 0.0 0.0 10.0 10.0 3.3 3.3 4.7 4.71 
2.3 FS 30.0 30.0 31.7 31.7 40.0 50.0 33.9 37.2 4.4 9.04 
3.3 VFS 30.0 60.0 28.6 60.3 20.0 70.0 26.2 63.4 4.4 4.64 
4.3 Silt 10.0 70.0 7.9 68.3 10.0 80.0 9.3 72.8 1.0 5.17 
9.0 Clay 30.0 100.0 31.7 100.0 20.0 100.0 27.2 100.0 5.2 0.00 
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4.1.2. Lithostratigraphic Unit 9b 
Unit 9b is dark reddish brown and has a thickness of approximately 20 cm 
(Figure 3.1; Appendix A). Its microfabric is characterized by a poorly sorted to unsorted 
clay loam texture with a distinct intergrain microaggregate structure and a close-to-open 
enaulic c/f related distribution (Figure 4.2; Table 4.2). The bar graph reveals a right 
(fine)-skewed average grain size with frequent clay sized grains, where fine sand, very 
fine sand, and silt are common (Figure 4.2). The coarse component is primarily 
composed of well-rounded to rounded quartz grains and few silt-sized microaggregates 
of clay minerals (Appendix C). The fine component is composed of clay minerals 
resulting in an undifferentiated b-fabric. It should be noted that where the intergrain 
microaggregates are distinct (separated) from surrounding fine material, they are 
considered as coarse materials (primarily silt-sized), and when the boundaries are 
difficult to distinguish, they are considered by their constituent elements and classified as 
clay sized grains. The grain size distribution across the two subsamples shows low 
variability for clay and very fine sand, with moderate to high variability in the silt and fine 
sand categories. This is likely a reflection of the intergrain microaggregates. Both 
subsamples contain fine sand to silt-sized quartz grains with clay coatings. This unit is 
heavily bioturbated with cm-sized passage features and includes numerous examples of 
micro debitage and mm- to cm-sized sub-rounded to sub angular banded ironstone (BIF) 
clasts (Appendix D). This unit is similar to 9c but has a higher proportion of iron rich clay 
minerals, which make it appear darker in colour.  
Interpretation: It is likely that the stream continued to exist outside the cave 
(see LU 9c interpretation) during this period as evidenced by reworked clay crusts, 
bedded silty clay13F14, and coarse BIF clasts, although to a lesser extent than in LU 9c. The 
micromorphological characteristics suggest that the sediment of Unit 9b contains 
reworked lake sediments which were redeposited in the cave by the wind and 
subsequently bioturbated. It is hypothesized that at this stage vegetation of the lake 
margins took place. These observations may reflect a period of increased aridity and a 
dry lake phase, or period of reduced lake levels.   
 
14 See Goldberg et al. (2015:627) for a micromorphological description and discussion on 
secondary effects in the sediments. 
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Figure 4.2 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 9b;(B) Micrograph of subsample 2 Unit 9b, 
from thin section 05-10B (Appendix D), PPL; (C) Same as B, but XPL. 
The scale bar is 500 μm. 
 
Table 4.2  Grain size estimates for lithostratigraphic Unit 9b. 
   WW05-10A 1  WW05-10B 2     
 Particle 












0.0  CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0  MS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2.3  FS 14.3 14.3 25.0 25.0 0.0 0.0 19.6 
3.3  VFS 14.3 28.6 18.8 43.8 0.0 0.0 16.5 
4.3  Silt 28.6 57.1 12.5 56.3 0.0 0.0 20.5 
9.0  Clay 42.9 100.0 43.8 100.0 0.0 0.0 43.3 
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4.1.3. Lithostratigraphic Unit 9a 
Unit 9a is light gray to white in colour and has a thickness of approximately 0.5–1 
cm (Figure 3.1; Appendix A). The boundary with the underlying unit is clear-and wavy 
(Appendix D). The microfabric is characterized by well sorted clay with a spongy 
microstructure and a fine monic c/f related distribution. The bar graph displays a grain 
size distribution skewed to the right with the largest fraction of clay-sized grains (Figure 
4.3; Table 4.3). The coarse component is primarily composed of fine sand- to silt-sized 
rounded quartz grains and very fine sand- to silt-sized rounded dark amorphous grains 
(Appendix C). The fine component has an undifferentiated b-fabric. Although there are 
only two subsamples for this unit, the standard deviation for the grain size categories is 
low indicating a homogenous layer. This lithostratum is heavily phosphatized and 
through FTIR it was determined that this layer likely contains large amounts of altered 
dolostone and flow stone (Berna et al. 2012:E1217; Goldberg et al. 2015:621).  
Interpretation: Given the extent of diagenesis, the results for this 
lithostratigraphic unit are inconclusive and therefore a lake phase may not be inferred.   
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Figure 4.3 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 9a; (B) Micrograph of subsample 2 from 
thin section 05-09 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.3  Grain size estimates for lithostratigraphic Unit 9a. 
  WW05-09 1 WW05-09 2    












0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2.3 FS 2.5 2.5 6.3 6.3 4.4 4.4 1.9 
3.3 VFS 6.3 8.8 6.3 12.5 6.3 10.6 0.0 
4.3 Silt 31.3 40.0 31.3 43.8 31.3 41.9 0.0 
9.0 Clay 60.0 100.0 56.3 100.0 58.1 100.0 1.9 
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4.1.4. Lithostratigraphic Unit 8 
Unit 8 is the uppermost lithostratigraphic unit of archaeological Stratum 12. It is 
reddish yellow in colour and is 5–10 cm thick (Figure 3.1; Appendix A). It has an abrupt 
irregular boundary with Unit 9a (Appendix D). The microfabric is characterized by a 
poorly sorted sandy loam texture with a complex granular and intergrain microaggregate 
microstructure. The bar graph reveals a slightly bimodal grain size distribution dominated 
by silt and medium sand-sized grains (Figure 4.4; Table 4.4). The coarse component is 
primarily composed of medium sand to fine sand-sized rounded clay pellets, few fine 
sand- to silt-sized rounded quartz grains, and very few very fine sand- to silt-sized 
rounded dark red clay aggregates (Appendix C). The fine component is comprised of 
clay minerals and very few micritic calcite grains resulting in an undifferentiated to stipple 
speckled b-fabric. The standard deviation shows moderate variability in the abundance 
of fine sand- to clay-sized grains and high variability in the abundance of medium sand-
sized grains across the three subsamples. The varying frequency of clay pellets in the 
subsamples may account for this difference. Field observations of this unit report the 
presence of mm- to cm-sized white mottles. Micromorphology and mFTIR confirm the 
presence of irregularly shaped carbonate hydroxyapatite nodules (Goldberg et al. 2015, 
Fig. 13). In subsamples 2 and 3, the birefringent clay coating of fine sand- to very fine 
sand-sized quartz grains is common.  
The abundance of clay aggregates varies across the subsamples from 16–38% 
(see Appendix C). They range in size from 100–400 μm and are prolate to equate in 
shape. They are primarily composed of clay minerals with a low abundance of micritic 
calcite (2–15%) and silt-sized quartz grains (5–38%). The clay pellets in subsample 2 
are dark red and are birefringent, whereas the clay pellets in subsamples 1 and 3 are 
isotropic and light reddish yellow in colour. There is an equal ratio of pelletal clay to 
quartz grains with a comparatively high standard deviation of 15% (Appendix B). These 
clay pellets correspond to Dare-Edwards Type B calcitic speckled (calcinsepic) clay 
pellets.  
Interpretation: The sedimentary characteristics, specifically the bimodal grain 
size distribution and ratio of clay pellets to quartz grains, suggest that the sediment of 
Unit 8 was derived from the margins of a playa lake and possibly deposited in a clay 
lunette dune before being deposited in the cave by the wind. The aeolian deposition was 
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accompanied by the deposition of large quantities of phosphate-rich material, likely bird 
and or bat guano, producing carbonate hydroxyapatite nodules. Thus, it is hypothesized 
that at this stage a playa lake likely existed outside the cave. These observations may 
reflect a period of fluctuating low lake levels and possibly oscillating climatic conditions.    
 
Figure 4.4 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 8; (B) Bar graph displaying the ratio of 
clay pellets to quartz grains. (C) Micrograph of subsample 1 from 
thin section 05-08 (Appendix D), PPL; (D) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.4 Grain size estimates for lithostratigraphic Unit 8. 
   WW05-08 1 WW05-08 2  WW05-08 3     














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 41.7 41.7 8.3 8.3 23.1 23.1 24.4 24.4 13.6 
2.3 FS 8.3 50.0 16.7 25.0 15.4 38.5 13.5 37.8 3.7 
3.3 VFS 8.3 58.3 16.7 41.7 23.1 61.5 16.0 53.8 6.0 
4.3 Silt 25.0 83.3 33.3 75.0 23.1 84.6 27.1 81.0 4.5 
9.0 Clay 16.7 100.0 25.0 100.0 15.4 100.0 19.0 100.0 4.3 
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4.1.5. Lithostratigraphic Unit 7 
Unit 7 is the lowermost lithostratigraphic unit associated with archaeological 
Stratum 11. It is pale yellow to light gray and 6–20 m thick, where it thickens and 
somewhat merges with LU 5 and 6 in the east profile (Figure 3.1; Appendix A). The 
boundary with the unit below is gradual and wavy. The microfabric is characterized by 
moderately sorted clay with a compact microstructure and a close-to-open porphyric c/f 
related distribution. The bar graph reveals a fine-skewed grain size distribution with the 
highest abundance of clay and silt-sized grains (Figure 4.5; Table 4.5). The coarse 
component is composed of fine sand- to silt-sized rounded quartz grains and very fine 
sand- to silt-sized, well-rounded dark amorphous grains (likely FeMn nodules) (Appendix 
C). The standard deviation shows moderate to high variability in the abundance of clay-
sized grains across the three subsamples with low variability in the other size categories. 
The sediment in this unit has been diffusely diagenetically altered into carbonate 
hydroxyapatite (Goldberg et al. 2015:630). Subsample 2 exhibits two very fine sand-
sized moderately to strongly impregnated calcite nodules with halos. Subsample 3 
exhibits few very coarse grains with clay coatings.  
Interpretation: Given the extent of diagenesis, the observations for this layer 
are inconclusive in terms recognizing the specific origin of the sediments, thus making it 
impossible to determine the existence of a specific lake phase. 
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Figure 4.5 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 7; (B) Micrograph of subsample 3 from 
thin section 05-08 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.5  Grain size estimates for lithostratigraphic Unit 7. 
  WW05-08 1 WW05-08 2 WW05-08 3     














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2.3 FS 5.3 5.3 5.2 5.2 2.1 2.1 4.2 4.2 1.5 
3.3 VFS 10.5 15.8 5.2 10.3 13.7 15.8 9.8 14.0 3.5 
4.3 Silt 31.6 47.4 25.8 36.1 36.8 52.6 31.4 45.4 4.5 
9.0 Clay 52.6 100.0 63.9 100.0 47.4 100.0 54.6 100.0 6.9 
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4.1.6. Lithostratigraphic Unit 6a 
Detailed observations of LU 6b are not reported in this study since it is composed 
of degraded dolomite roof spall making it irrelevant to this study since does not contain 
any sediments from the playa lake system outside the cave. Unit 6a is pale brown and is 
approximately 5–10 cm thick (Figure 3.1; Appendix A). The boundary with the underlying 
unit (6b) appears sharp in the field where it contrasts with the dark gray to brown platy 
dolomite at varying stages of diagenesis. In thin section, this boundary is either abrupt 
and smooth or gradual and broken depending on the extent of dolomite alteration 
(Appendix D). The microfabric of 6a is characterized by a poorly sorted to unsorted loam 
with a complex massive and intergrain microaggregate microstructure. The c/f related 
distribution ranges from single- to double-spaced porphyric. The grain size distribution 
displays a sediment dominated by silt, clay, and fine sand (Figure 4.6; Table 4.6). The 
coarse component is comprised of fine sand- to silt-sized rounded to subrounded quartz 
grains, silt-sized clay mineral aggregates, and very few fine sand- to very fine sand-sized 
well-rounded dark grains, likely of sedimentary rock (Appendix C). The fine component is 
composed of clay minerals resulting in an undifferentiated b-fabric. All subsamples 
exhibit few quartz grains with red low birefringent clay coatings. 
Interpretation: The micromorphological characteristics suggest that the 
sediment maintains many of its original characteristics and the texture supports multiple 
depositional processes. When considering the grain size distribution, sorting, and 
mineralogy, it is hypothesized that playa lake dune-forming sediments were being 
produced outside the cave. These sediment observations are consistent with sediments 
that are produced during lake full phases and thus may reflect a lake full period, and 
perhaps a period of environmental stability.  
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Figure 4.6  (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 6a; (B) Micrograph of subsample 2 from 
thin section 11-01A (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.6 Grain size estimates for lithostratigraphic Unit 6a. 
  WW11-01A 1 WW11-01A 2 WW11-01A 3     














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2.3 FS 22.2 22.2 35.5 35.5 22.2 22.2 26.6 26.6 6.3 
3.3 VFS 22.2 44.4 10.8 46.2 16.7 38.9 16.5 43.2 4.7 
4.3 Silt 33.3 77.8 26.9 73.1 33.3 72.2 31.2 74.4 3.0 
9.0 Clay 22.2 100.0 26.9 100.0 27.8 100.0 25.6 100.0 2.4 
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4.1.7. Lithostratigraphic Unit 5c 
Unit 5c is very pale brown to light gray and is approximately 20 cm thick, 
spanning laterally across the north and east profiles (Figure 3.1; Appendix A). The 
microfabric is characterized by a poorly sorted to unsorted clay loam, while maintaining a 
massive microstructure and a close-to-open porphyric c/f related distribution. The grain 
size distribution reveals a sediment dominated by silt and clay-sized particles (Figure 
4.7; Table 4.7). The coarse component is primarily composed of fine sand- to silt-sized 
rounded quartz grains and very few very fine sand-sized rounded dark amorphous 
grains. Only subsample 3 contains a medium-sized rounded quartz grain. The fine 
component is largely composed of clay-size phosphatized material and clay minerals 
resulting in an undifferentiated b-fabric (see Figure 4.7-C; Appendix C). All subsamples 
exhibit very few quartz grains with clay coatings (Appendix D). The occurrence of 
phosphate in this unit demonstrates the influence of diagenetic processes and is 
observed as mm- to cm-sized white nodules in the field.  
Interpretation: The observations of LU 5c suggest that a portion of the 
sediment was deposited by the wind in the cave and subsequently diagenetically altered. 
It is inferred that at this stage dune-forming sediments were developing outside the cave 
where larger sized quartz grains are supplied by wave and wind action. The grain size 
distribution and mineral composition suggest a full lake phase and may reflect a period 
of environmental stability. 
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Figure 4.7  (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 5c; (B) Micrograph of subsample 2 from 
thin section 11-24 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.7  Grain size estimates for lithostratigraphic Unit 5c. 
  WW11-24 1 WW11-24 2  WW11-24 3     
Particle 














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 0.0 0.0 0.0 0.0 5.3 5.3 1.8 1.8 2.5 
2.3 FS 10.5 10.5 22.2 22.2 10.5 15.8 14.4 16.2 5.5 
3.3 VFS 5.3 15.8 11.1 33.3 15.8 31.6 10.7 26.9 4.3 
4.3 Silt 42.1 57.9 38.9 72.2 42.1 73.7 41.0 67.9 1.5 
9.0 Clay 42.1 100.0 27.8 100.0 26.3 100.0 32.1 100.0 7.1 
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4.1.8. Lithostratigraphic Unit 5b 
Unit 5b is reddish yellow and approximately 1–5 cm thick. It does not fully extend 
across both the north and east profiles but contacts Unit 4b-c in some areas (Figure 3.1; 
Appendix A). This unit contains a brown platy layer at various locations across the north 
and east profiles (Appendix D). It is speculated to be diagenetically altered dolomite and 
resembles what we see in Unit 6b (Francesco Berna pers. comm. 2019; Mallol and 
Goldberg 2017). The microfabric is characterized by a poorly sorted clay loam with an 
intergrain microaggregate structure and a close to double-spaced enaulic c/f related 
distribution. The bar graph reveals a fine-skewed bimodal grain size distribution where 
clay and silt make up the largest portion, with an intermediate abundance of fine sand 
and low abundance of medium sand and very fine sand (Figure 4.8; Table 4.8). The 
coarse component is composed of medium sand- to silt-sized rounded to sub-rounded 
quartz grains and silt-sized clay aggregates with very few very fine sand- to silt-sized 
rounded dark grains (Appendix C). The fine component is comprised of clay minerals 
with an undifferentiated b-fabric. The standard deviation shows moderate to high 
variability in frequency for medium sand, silt, and fine sand-sized grains and low 
variability for very fine sand and clay-sized grains. Subsamples 2 and 3 feature very few 
sand-sized dark red prolate to equant clay aggregates (Appendix D). The undulating 
surface of the aggregates make it more likely that they are orthic. Particles of these sizes 
are transported via saltation and when considering the distance travelled from the lake to 
the cave, it is likely they would have smooth and rounded exterior surfaces. This unit is 
similar to Unit 5c.  
Interpretation: The poorly sorted texture of the sediment in LU 5b suggests 
that there may have been several depositional processes contributing to the 
accumulation of this sediment. Furthermore, the micromorphological characteristics 
suggest that the sediment was subsequently diagenetically altered. It is hypothesized 
that at least some of the sediment in this LU was deposited in the cave by the wind, 
specifically the larger sized quartz grains, which exhibit characteristics of beach and 
foreshore dune-forming sediments. These observations are compatible with sediments 




Figure 4.8 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 5b; (B) Micrograph of subsample 3 from 
thin section 11-24 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.8 Grain size estimates for lithostratigraphic Unit 5b. 
  WW11-02 1 WW11-02 1 WW11-02 3     
Particle 














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 0.0 0.0 12.5 12.5 0.0 0.0 4.2 4.2 5.9 
2.3 FS 31.3 31.3 18.8 31.3 23.5 23.5 24.5 28.7 5.1 
3.3 VFS 6.3 37.5 12.5 43.8 11.8 35.3 10.2 38.8 2.8 
4.3 Silt 31.3 68.8 18.8 62.5 23.5 58.8 24.5 63.4 5.1 
9.0 Clay 31.3 100.0 37.5 100.0 41.2 100.0 36.6 100.0 4.1 
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4.1.9. Lithostratigraphic Unit 5a 
Unit 5a is pale brown to light gray and is approximately 1–2 cm thick. It forms a 
thin boundary between major Units 4 and 5, where it has a clear wavy contact with Unit 
5b (Figure 3.1; Appendix A). The microfabric is characterized by an unsorted to poorly 
sorted clay with an intergrain microaggregate structure and a close-to-open enaulic c/f 
related distribution. However, subsample 3 has a massive structure with an open 
porphyric c/f related distribution. The grain size distribution bar graph reveals a fine-
skewed grain size distribution dominated by clay (Figure 4.9; Table 4.9). The coarse 
component is primarily composed of fine sand- to silt-sized rounded to sub-rounded 
quartz grains, few silt-sized clay aggregates, and very few silt-sized well-rounded dark 
amorphous grains. The fine component is primarily composed of clay minerals and has 
an undifferentiated b-fabric (Appendix C). However, subsample 3 exhibits phosphatized 
fine material (Appendix D). The standard deviation reveals high variability in the 
abundance of clay-sized grains across the subsamples, moderate variability in the 
abundance of fine sand and very fine sand-sized grains, and low variability in the 
abundance of silt-sized grains. Under low resolution (2x objective) observation of this 
lithostratigraphic unit, there is an apparent shift in sediment composition from fine-
grained minerals to fine sand and very fine sand-sized quartz grains from the bottom of 
the unit to the top. Subsamples 2 and 3 exhibit few quartz grains with clay coatings and 
with the possibility of fine sand- to silt-sized FeMn nodules. This lithostratigraphic unit 
appears similar to the other layers in major Unit 5. Subsample 1 exhibits properties 
similar to Unit 5b, whereas subsamples 2 and 3 exhibit greater diagenetic alteration and 
phosphatization of minerals, aligning with Unit 5c.  
Interpretation: The sedimentary characteristics of Unit 5a suggest that 
components of the sediment have an aeolian origin and that the sediments were 
subsequently reworked and diagenetically altered in the cave. Thus, it is hypothesized 
that at this stage dune -forming sediments (i.e., the coarser sized quartz grains) were 
being produced through wind and wave action. These observations are compatible with 





Figure 4.9  (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 5a; (B) Micrograph of subsample 1 from 
thin section 11-02 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.9  Grain size estimates for lithostratigraphic Unit 5a. 
  WW11-02 1 WW11-02 2 WW11-02 3     
Particle 














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 6.3 6.3 0.0 0.0 0.0 0.0 2.1 2.1 2.9 
2.3 FS 18.8 25.0 14.0 14.0 5.2 5.2 12.6 14.7 5.6 
3.3 VFS 18.8 43.8 8.6 22.6 10.3 15.5 12.6 27.3 4.4 
4.3 Silt 25.0 68.8 21.5 44.1 22.7 38.1 23.1 50.3 1.5 
9.0 Clay 31.3 100.0 55.9 100.0 61.9 100.0 49.7 100.0 13.3 
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4.1.10. Lithostratigraphic Unit 4b-c 
Unit 4b-c is the lowermost sedimentary layer of major Unit 4 and is associated 
with the transition from archaeological Stratum 11 to 10. It is reddish brown and 
approximately 10–15 cm thick in the north profile; it is heavily phosphatized in the 
southern section of the east profile, thus making it difficult to distinguish it from layer 4b-b 
(Figure 3.1; Appendix A). It has a clear irregular boundary with underlying Unit 5a and 
contains mm- to sub- cm-sized clasts of banded ironstone and dolomite. The microfabric 
is characterized by an unsorted sandy clay loam and a massive microstructure with a 
close- to double-spaced porphyric c/f related distribution. The grain size distribution 
reveals a sediment with a range of size classes, with highest proportions of clay and fine 
sand (Figure 4.10; Table 4.10). The coarse component is dominated by fine sand-sized 
to silt-sized rounded to subrounded quartz grains. The coarse fraction also contains 
medium sand-sized subrounded BIF clasts (see Figure 4.10-B/C). The fine component is 
composed of clay-sized minerals with an undifferentiated to slightly stipple speckled b-
fabric (Appendix C). All three subsamples exhibit well rounded dark amorphous nodules, 
likely typic FeMn nodules, that range in size from medium sand to silt. Specifically, 
subsamples 1 and 3 contain medium to fine sand-sized dark red FeMn rich concentric 
clay nodules with low birefringence (see Figure 4.10 red arrow; Appendix D). The 
presence of birefringent clay coatings on rounded fine sand- to silt-sized quartz grains is 
common in all subsamples. Subsample 1 potentially contains an iron-depleted gray clay 
pellet. It is 300 μm in length with a prolate shape and a smooth rounded surface. The 
matrix composition is dominated by clay-size minerals and has few silt-sized quartz 
grains. Given the extent of diagenesis in this lithostratigraphic unit and the 
characteristics of the clay pellet, it may be inferred that this may be a clay pellet with an 
iron depleted matrix.  
Interpretation: The micromorphological characteristics strongly suggest that a 
significant portion of the sediment of Unit 4b-c was deposited in the cave by the wind 
and subsequently water saturated. The size of the BIF clasts observed in the thin section 
indicate that there were contributions to the sediment from additional depositional 
processes. It is hypothesized that this sediment underwent a period of water saturation 
from cave drippings where the FeMn nodules formed in situ. The bimodal grain size 
distribution would suggest a period of fluctuating low lake levels; however, this pattern is 
not supported by the very low PC:Qtz ratio (only 1 clay pellet identified in all samples). 
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The contribution of non-playa lake sediments (i.e., BIF clasts) and pedofeatures (i.e., 
FeMn nodules) in this LU are responsible for the bimodal grain size distribution. Given 
the presence of sediment derived from non-aeolian sources and diagenetic activity, a 
lake phase cannot be determined from the grain size distribution and micromorphological 
observations.  
 
Figure 4.10 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 4b-c; (B) Micrograph of subsample 1 from 
thin section 11-05 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
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Table 4.10 Grain size estimates for lithostratigraphic Unit 4b-c. 
  WW11-05 1 WW11-05 2 WW11-05 3     
Particle 














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 22.2 22.2 0.0 0.0 5.6 5.6 9.3 9.3 9.4 
2.3 FS 27.8 50.0 22.2 22.2 27.8 33.3 25.9 35.2 2.6 
3.3 VFS 11.1 61.1 27.8 50.0 11.1 44.4 16.7 51.9 7.9 
4.3 Silt 11.1 72.2 27.8 77.8 22.2 66.7 20.4 72.2 6.9 
9.0 Clay 27.8 100.0 22.2 100.0 33.3 100.0 27.8 100.0 4.5 
4.1.11. Lithostratigraphic Unit 4b-b 
Unit 4b-b is complex and highly variable exhibiting substantial horizontal and 
vertical variation. This is largely a reflection of the extent of diagenetic alteration of the 
sediments (Appendix D). The colour ranges from reddish yellow to dark gray to white 
and its approximate thickness ranges from 10–25 cm where the diagenetic alteration 
extends well into Unit 4b-c making it substantially thicker in the east profile (Figure 3.1; 
Appendix A). Since the goal of this thesis focuses on the properties of the sediment, 
subsamples were selected for their assumed limited diagenesis, and thus are not a 
representative sample of the entire unit. The results for this unit are based on the three 
selected subsamples where substantial homogeneity exists14F15.  
The microfabric of Unit 4b-b is characterized by a texture of clay (subsample 1) to 
sandy clay loam (subsample 2 and 3) with a compact to spongy microstructure and a 
close-to-open enaulic c/f related distribution. The bar graph reveals a primarily fine-
skewed grain size distribution with the highest abundance of clay-sized grains and fine 
sand-sized grains (Figure 4.11; Table 4.11). The coarse component is primarily 
composed of medium sand- to silt-sized well-rounded to rounded quartz grains 
(Appendix C). The fine component is composed of dark red to red clay minerals, 
resulting in an undifferentiated b-fabric. The abundance of grain sizes present across the 
three subsamples shows high variability within the clay grain size class, medium in the 
silt and medium sand-size classes, and low for the fine sand and very fine sand-size 
 
15 For a detailed description of the micromorphology, see Goldberg et al. (2015:622, 631–632). 
80 
categories. Subsample 1 features diagenetic phosphorous, likely the result of the 
phosphatization of fine material. Subsamples 2 and 3 feature very fine sand- to silt-sized 
rounded dark amorphous grains, possibly banded ironstone or FeMn nodules.  
Interpretation: The micromorphological characteristics suggest that the 
sediment of Unit 4b-b was heavily diagenetically altered due to the conditions inside the 
cave, resulting in the high level of variability across the depositional unit. Thus, it is 
hypothesized that the landscape outside the cave at this stage remained stable as the 
input source remains relatively consistent. Given these observations, it is difficult to 
ascertain what this sediment reveals about a potential lake level. However, hydrological 
conditions sufficient to reach the levels of post-depositional alternations observed should 
be assumed.  
 
Figure 4.11 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 4b-b; (B) Micrograph of subsample 1 from 
thin section 05-06A (Appendix D), PPL; (C) Micrograph of subsample 
2, PPL. The scale bar is 500 μm. 
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Table 4.11 Grain size estimates for lithostratigraphic Unit 4b-b.  
 WW05-06A 1 WW05-06A 3  WW05-07A 2     
Particle 














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 0.0 0.0 11.1 11.1 2.2 2.2 4.4 4.4 4.8 
2.3 FS 16.7 16.7 22.2 33.3 21.5 23.7 20.1 24.6 2.5 
3.3 VFS 7.8 24.4 16.7 50.0 16.1 39.8 13.5 38.1 4.1 
4.3 Silt 20.0 44.4 27.8 77.8 11.8 51.6 19.9 57.9 6.5 
9.0 Clay 55.6 100.0 22.2 100.0 48.4 100.0 42.1 100.0 14.3 
4.1.12. Lithostratigraphic Unit 4b-a 
Unit 4b-a has laminations of yellow to dark reddish brown and is approximately 
10–15 cm thick (Figure 3.1; Appendix A). This unit is divided into three distinct 
microfabric units (µFU) (Appendix D). Microfabric unit 3 is the basal layer of Unit 4b-a.  It 
is yellow to reddish yellow in colour and approximately 3–5 cm thick. Its microfabric is 
characterized by a moderately sorted loam with a vesicle microstructure and single-to-
double spaced enaulic c/f related distribution. The bar graph reveals a sediment with a 
slightly fine-skewed grain size distribution where silt has the highest abundance (Figure 
4.12-A; Table 4.12). The coarse component is primarily composed of silt-sized 
aggregates of fine grain minerals, few fine sand- to silt-sized well-rounded quartz grains, 
and few fine sand- to silt-sized rounded dark amorphous grains. The composition of the 
fine component is largely micritic calcite — particularly in subsample 2 — and clay 
minerals, resulting in a crystallitic to stipple speckled b-fabric (Appendix C). The standard 
deviation shows moderate variability in the abundance of fine sand-sized grains and low 
variability in the abundance of all other grain size classes. Diagenetic activity features 
prominently in this microfabric unit (Figure 4.12-F).  A large portion of the micritic calcite 
is of biological origin due to the calcification of ashed plant material and wood ash 
(Appendix C) (Berna et al. 2012:E1218). 
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Figure 4.12 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 4b-a µFU 3; (B) Bar graph displaying the 
average grain size distribution and standard deviation of Unit 4b-a 
µFU 2 ; (C) Bar graph displaying the average grain size distribution 
and standard deviation of Unit 4b-a µFU 1; (D) Bar graph displaying 
the ratio of clay pellets to quartz grains of µFU 2; (E) Same as D, but 
µFU 1; (F) Micrograph from µFU 3, subsample 1, PPL; (G) 
Micrograph from a µFU 2, subsample 2, PPL; (H) Micrograph from a 
µFU 1, subsample 2, PPL. See Appendix D for thin section scan. The 
scale bar is 500 μm. 
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Table 4.12  Grain size estimates for lithostratigraphic Unit 4b-a, separtated by 
microfabric unit.  
µFU 3  WW05-04 6 WW05-04 7    
Particle 





Class % cum % % cum % % cum % % 
0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 0.0 0.0 2.7 2.7 1.3 1.3 1.3 
2.3 FS 8.3 8.3 6.7 9.3 7.5 8.8 0.8 
3.3 VFS 25.0 33.3 20.0 29.3 22.5 31.3 2.5 
4.3 Silt 41.7 75.0 40.0 69.3 40.8 72.2 0.8 
9.0 Clay 25.0 100.0 30.7 100.0 27.8 100.0 2.8 
     
µFU 2    WW05-04 4  WW05-04 5   
0.0 CS 23.1 23.1 0.0 0.0 11.5 11.5 11.5 
1.0 MS 0.0 23.1 42.9 42.9 21.4 33.0 21.4 
2.3 FS 15.4 38.5 14.3 57.1 14.8 47.8 0.5 
3.3 VFS 7.7 46.2 7.1 64.3 7.4 55.2 0.3 
4.3 Silt 23.1 69.2 14.3 78.6 18.7 73.9 4.4 
9.0 Clay 30.8 100.0 21.4 100.0 26.1 100.0 4.7 
     
µFU 1   WW05-04 1 WW05-04 3   
0.0 CS 18.8 18.8 13.3 13.3 16.0 16.0 2.7 
1.0 MS 31.3 50.0 26.7 40.0 29.0 45.0 2.3 
2.3 FS 6.3 56.3 20.0 60.0 13.1 58.1 6.9 
3.3 VFS 6.3 62.5 6.7 66.7 6.5 64.6 0.2 
4.3 Silt 12.5 75.0 13.3 80.0 12.9 77.5 0.4 
9.0 Clay 25.0 100.0 20.0 100.0 22.5 100.0 2.5 
 
Microfabric unit 2 is dark red to dark reddish brown and 0.5–1 cm thick (Appendix 
D). The contact with the adjacent µFUs is abrupt smooth. Its microfabric is characterized 
by an unsorted sandy loam with a granular microstructure and chitonic c/f related 
distribution. The bar graph reveals a bimodal grain size distribution with the highest 
abundance of medium sand and clay (Figure 4.12-B). The coarse component is primarily 
composed of coarse to medium sand-sized clay pellets, where fine sand- to silt-sized 
rounded quartz grains are common with few very fine sand- to silt-sized clay aggregates. 
The fine component is comprised of clay minerals and micritic calcite resulting in a 
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granostriated b-fabric (Appendix C). The abundance of coarse sand and medium sand-
sized grains significantly deviates across the two subsamples (Figure 4.12-B). This a 
reflection of the size range of the clay pellets.  
The abundance of clay pellets varies across the subsamples from 30–50% 
(Appendix B and C). They range in size from 250–600 μm and are prolate to equate in 
shape. They are primarily composed of fine-grained clay minerals with a low abundance 
of micritic calcite (10–20%) and silt-sized quartz grains (5%). There are two distinct types 
of clay pellets in this microfabric unit. The first type is dark reddish brown to black in 
colour and is dominant, while the second is light reddish brown and few in abundance. 
There is a higher proportion of clay pellets to quartz grains in the two subsamples 
(Figure 4.12-D; Appendix B). These clay pellets largely correspond to Dare-Edwards 
Type B calcitic speckled clay pellets; however, the colour may indicate in situ burning 
(see section 3.3.1.8).  
Microfabric unit 1 is red to reddish yellow in colour and approximately 4–5 cm 
thick (Appendix D). The boundary with the underlying unit is smooth abrupt. Its 
microfabric is characterized as an unsorted sandy loam with a granular microstructure 
and a chitonic c/f related distribution. The bar graph reveals a bimodal grain size 
distribution with the highest frequency of medium sand-sized grains (Figure 4.12-C). The 
coarse component is primarily composed of coarse sand to medium sand-sized well-
rounded clay pellets, fine sand- to silt-sized rounded quartz grains, and very few very 
fine sand- to silt-sized rounded dark amorphous grains. The fine component is 
composed of clay minerals and micritic calcite creating a stipple speckled and 
granostriated b-fabric (Appendix C). The standard deviation reveals moderate to high 
variability of abundance in the fine sand category, whereas the abundance of the other 
grain size classes shows low variability between the two subsamples. In subsample 1, 
some of the clay pellets appear partially disaggregated possibly indicating post-
depositional slaking due to surface exposure to water or trampling (Figure 4.12-H).  
The abundance of clay pellets in the subsamples ranges from 45–50% of the 
total area (see Appendix C). They range in size from 200–600 μm and are prolate to 
equate in shape. They are primarily composed of fine-grained clay minerals with a very 
low abundance of micritic calcite (0–5%) and few silt-sized quartz grains (10%). There is 
a higher proportion of clay pellets to quartz grains in the two subsamples (Figure 4.12-E; 
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Appendix B). These clay pellets correspond to Dare-Edwards Type B calcitic speckled 
clay pellets. 
Interpretation: The micromorphological characteristics suggest that the 
sediment of µFU 3 was deposited by the wind where an abundance of ashed plant 
material was incorporated pre- or post-deposition. Contrarily, the micromorphological 
characteristics and grain size distribution suggest that the sediment of µFU 2 and µFU 1 
differ only by their colour. It is hypothesized at this stage that Unit 4b-a reflects two 
separate sedimentation processes, and accordingly two distinct environmental 
conditions. Furthermore, it is hypothesized that µFU 2 shows evidence of a in situ 
burning event, due to the reddening of the soil and otherwise similar sedimentological 
characteristics to the underlying microstratum (section 3.3.1.8 Diagenesis and 
Pedofeatures) and µFU 1 does not (Karkanas and Goldberg 2019:sec. 3.2 Burnt 
Remains). The bimodal grain size distribution and ratio of clay pellets to quartz grains in 
µFU 1 and µFU 2 are compatible with sediments produced during fluctuating low lake 
levels and may indicate oscillating climatic conditions. The observations of µFU 3 are 
compatible with sediments produced during a moderate or dry lake period and may 
represent a stable environment.  
4.1.13. Lithostratigraphic Unit 4a-a 
Unit 4a-a is the uppermost layer of major Unit 4 and archaeological Stratum 10. It 
is a relatively homogenous red layer with an approximate thickness of 15–20 cm. It dips 
to the southwest, reaching its maximum extent where the north and east profiles meet 
(Figure 3.1; Appendix A). In the field it is described as having clasts of large stones and 
cm-sized white nodules and being rich in faunal fragments and artifacts. The microfabric 
is characterized by a poorly sorted to unsorted sandy loam with a compact granular 
microstructure and a close- to single-spaced porphyric c/f related distribution. The bar 
graph reveals a slightly bimodal grain size distribution dominated by medium sand-sized 
grains (Figure 4.13; Table 4.13). The coarse component is primarily composed of coarse 
sand to medium sand-sized well-rounded clay pellets, few fine sand- to silt-sized 
rounded quartz grains, and few very fine sand- to silt-sized rounded dark amorphous 
grains (Appendix C). The fine component is composed of both clay minerals and micritic 
calcite resulting in a granostriated and crystallitic b-fabric. The standard deviation reveals 
high variability across subsamples for the coarse sand medium sand-sized categories. 
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This pattern reflects the variation in the size of the clay pellets. Subsample 3 has a 
higher abundance of micritic calcite as a component of its fine fraction when compared 
to subsamples 1 and 2. When observing the thin section at the mesoscale, it appears 
that the PC:Qtz ratio and the abundance of micritic calcite is higher at the bottom than at 
the top (Appendix D).  
The abundance of clay pellets in the subsamples ranges from 55–60% (Appendix 
C), and when directly compared to the average abundance of quartz grains, the ratio is 
85:15 ± 5% (Figure 4.13-B; Appendix B). The pellets range in size from 250–600 μm and 
are prolate to equant in shape (Figure 4.13-C/D). They are primarily composed of Fe rich 
clay minerals (40–70%), micritic calcite (15–40%), rounded very fine sand- to silt-sized 
quartz grains (15%), and rounded silt-sized dark amorphous grains (10%). The pellets 
range in colour from red to pink, which appears to reflect the proportion of micritic calcite 
versus Fe rich clay minerals in the pellets. Subsamples 1 and 3 each display a clay 
pellet that appears to be disaggregating as the boundaries are less defined.  
Interpretation: The bimodal grain size distribution and high ratio of clay pellets 
to quartz grains (Figure 4.13-A/B; Appendix B), suggest that at this stage a playa lake 
with periodically exposed mudflats existed outside the cave. The development of the clay 
pellets require the lake surface to be exposed, which implies at least a temporary 
reduction in lake water levels. The micromorphological characteristics of the clay pellets 
(i.e., rounded) indicate aeolian transport, via saltation, into the cave. These observations 
may reflect a period of fluctuating low lake levels and possibly oscillating climatic 
conditions.   
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Figure 4.13 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 4a-a; (B) Bar graph displaying the ratio of 
clay pellets to quartz grains; (C) Micrograph of subsample 1 from 
thin section 11-08 (Appendix D), PPL; (D) The same as C, but XPL. 
The scale bar is 500 μm. 
 
Table 4.13 Grain size estimates for lithostratigraphic Unit 4a-a.  
 WW11-08 1 WW11-08 2 WW11-08 3     
Particle 














0.0 CS 0.0 0.0 23.5 23.5 0.0 0.0 7.8 7.8 11.1 
1.0 MS 52.9 52.9 29.4 52.9 58.8 58.8 47.1 54.9 12.7 
2.3 FS 5.9 58.8 3.5 56.5 3.5 62.4 4.3 59.2 1.1 
3.3 VFS 11.8 70.6 11.8 68.2 5.9 68.2 9.8 69.0 2.8 
4.3 Silt 17.6 88.2 20.0 88.2 11.8 80.0 16.5 85.5 3.5 
9.0 Clay 11.8 100.0 11.8 100.0 20.0 100.0 14.5 100.0 3.9 
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4.1.14. Lithostratigraphic Unit 3 
Unit 3 is the lowest LU associated with archaeological Stratum 9. It is light brown 
to light yellowish brown and approximately 5–8 cm thick (Figure 3.1; Appendix A). The 
microfabric is characterized by a poorly sorted to unsorted clay loam and a compact 
microstructure with a close-to-open porphyric c/f related distribution. The bar graph 
reveals a fine-skewed grain size distribution with the highest abundance of clay-sized 
grains (Figure 4.14; Table 4.14). The coarse component is primarily composed of 
medium sand- to silt-sized rounded quartz grains and very few well-rounded fine sand- 
to silt-sized dark amorphous grains (Appendix C). The fine component is primarily 
composed of clay minerals resulting in an undifferentiated b-fabric. The standard 
deviation reveals moderate variability in the medium sand and very fine sand particle 
size classes, while the variability in abundance of all other categories remains low across 
the subsamples. In all subsamples, the partial dark red clay coating around rounded 
quartz grains is common.  
Interpretation: The micromorphological characteristics of Unit 3 suggest that 
the clay loam sediment was deposited in the cave by the wind where the clay coatings 
may have been inherited with the quartz grains15F16. It is likely that the sand-sized quartz 
grains are being deflated from Kalahari dunes and it is possible that they are being 
deposited in lunette dunes outside Wonderwerk Cave. The fine material and larger dark 
amorphous grains indicate that other depositional processes were occurring in addition 
to aeolian transport of the quartz grains. The fine-skewed grain size distribution and 
likely presence of Kalahari sands suggest a dry lake phase and likely generally arid 
conditions. The limited evidence for diagenetic processes indicate a possible period of 
climate stability.  
 
 
16 Matmon et al. (2012:619) indicate that the sand-sized quartz grains with iron oxide clay coatings 
found at Wonderwerk Cave are deflated from Kalahari sand dunes approximately 100 km away. 
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Figure 4.14 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 3; (B) Micrograph of subsample 1 from 
thin section 11-06 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.14 Grain size estimates for lithostratigraphic Unit 3.  
  WW11-06 1 WW11-06 2 WW11-06 3     
Particle 














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 10.8 10.8 0.0 0.0 2.2 2.2 4.3 4.3 4.6 
2.3 FS 16.1 26.9 13.3 13.3 11.1 13.3 13.5 17.8 2.1 
3.3 VFS 10.8 37.6 26.7 40.0 22.2 35.6 19.9 37.7 6.7 
4.3 Silt 26.9 64.5 26.7 66.7 27.8 63.3 27.1 64.8 0.5 
9.0 Clay 35.5 100.0 33.3 100.0 36.7 100.0 35.2 100.0 1.4 
90 
4.1.15. Lithostratigraphic Unit 2b 
Unit 2b is pink to reddish yellow and is approximately 2–4 cm thick (Figure 3.1; 
Appendix A). The contact with Unit 3 is sharp wavy and dips in the east profile. The 
microfabric is characterized by a poorly sorted sandy loam with a complex granular and 
intergrain microaggregate microstructure and a close-to-open enaulic c/f related 
distribution. The bar graph reveals a bimodal grain size distribution with the highest 
abundance of clay- and medium sand-sized grains (Figure 4.15; Table 4.15). The coarse 
component is composed of coarse sand and medium sand-sized well-rounded clay 
pellets, fine sand- to silt-sized rounded to subrounded quartz grains, and fine sand-to 
silt-sized dark red clay aggregates (Appendix C). The fine component is composed of 
clay minerals and micritic calcite with a largely undifferentiated b-fabric. Both 
subsamples exhibit birefringent clay coatings on quartz grains. This lithostratigraphic unit 
also contains few orthic aggregate crystalline sparitic calcite nodules (Appendix D). 
The abundance of clay pellets in the subsamples ranges from 25–50% (Appendix 
C) with an average pelletal clay to quartz grain ratio of 3:2 ± 10% (Figure 4.15-B; 
Appendix B). The pellets range in size from 300–600μm and are prolate to equate in 
shape (Figure 4.15-C/D). They are primarily composed of pink to reddish brown Fe rich 
clay minerals (80–85%), micritic calcite (5%), and few silt-sized rounded quartz grains 
(10–15%). These clay pellets correspond to Dare-Edwards’ Type B calcitic speckled clay 
pellets. Subsample 2 contains a fine sand-sized dark red clay fragment with parallel 
microlaminae (Appendix D). This fragmented clay coating or infilling may correspond to 
Dare-Edwards’ Type A clay flake.  
Interpretation: The sedimentary characteristics, specifically the bimodal grain 
size distribution (Figure 4.15-A) and ratio of clay pellets to quartz grains (Figure 4.15-B), 
suggest that the sediment of Unit 2b was derived from the exposed mudflats of a playa 
lake. It is possible that the sediment was first deposited in a clay lunette dune before 
being transported into the cave by the wind. Given the poorly sorted texture of the 
sediment in this unit, it is likely that other depositional processes were operating 
alongside aeolian deposition. It is hypothesized that at this stage a playa lake, with 
periodically exposed surfaces, existed outside the cave. These observations may reflect 




Figure 4.15 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 2b; (B) Bar graph displaying the ratio of 
clay pellets to quartz grains; (C) Micrograph of subsample 2 from 
thin section 05-02B, PPL (Appendix D); (D) Same as C, but XPL. The 
scale bar is 500 μm. 
 
Table 4.15 Grain size estimates for lithostratigraphic Unit 2b. 
  WW05-02B 1 WW05-02B 2   












0.0 CS 27.3 27.3 13.3 13.3 20.3 20.3 7.0 
1.0 MS 27.3 54.5 13.3 26.7 20.3 40.6 7.0 
2.3 FS 0.0 54.5 13.3 40.0 6.7 47.3 6.7 
3.3 VFS 9.1 63.6 13.3 53.3 11.2 58.5 2.1 
4.3 Silt 18.2 81.8 13.3 66.7 15.8 74.2 2.4 
9.0 Clay 18.2 100.0 33.3 100.0 25.8 100.0 7.6 
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4.1.16. Lithostratigraphic Unit 2a 
Unit 2a is red, approximately 10–15 cm thick, and reaches maximum extent in 
the eastern profile (Figure 3.1; Appendix A). The microfabric is characterized by a 
moderately sorted sandy clay loam with a compact bridged16F17 microstructure and a close- 
to single-spaced porphyric c/f related distribution. The bar graph reveals a grain size 
distribution with a relatively equal frequency of grain sizes across fine sand- to clay-sized 
grains, with few medium sand-sized grains (Figure 4.16; Table 4.16). The coarse 
component is composed of fine sand- to silt-sized rounded quartz grains and fine sand- 
to silt-sized dark amorphous grains, likely FeMn nodules and BIF clasts (Appendix C). 
Subsample 2 also contains a medium sand-sized sub-rounded to sub-angular dark 
amorphous grain, likely a BIF clast (Appendix D). The fine component is composed of Fe 
rich clay minerals and micritic calcite, resulting in a crystallitic b-fabric. The standard 
deviation shows low to medium variability in all grain size classes across the 
subsamples, except silt, which has high variability. All subsamples exhibit clasts of 
micritic calcite varying in size and shape from oval medium sand-sized grains to 
rectangular fine sand-sized grains. In subsample 1 there appears to be calcified ashed 
plant material that retains the original cell structure of the plant tissue (Appendix D). It 
may be inferred that other similarly sized clasts of micritic calcite are also of the same 
biological origin; however, it is also possible that this calcite is supplied from reworked 
playa lake evaporites. 
Interpretation: The micromorphological characteristics suggest that the 
sediment of Unit 2a contains reworked lake sediment deposited in the cave by the wind. 
The origin of the plant material is less clear but could have entered the cave through 
human agency, aeolian transport (less likely), or may be from calcified roots within the 
cave. However, it is apparent that it was burnt prior to diagenetic alteration17F18. The 
observations of this LU may reflect a dry or low lake phase and a period of aridity.  
 
17 At the macroscale (i.e., looking at the thin section without magnification) the microstructure is 
planar (see Appendix D). 
18 Pyrogenic calcite can be differentiated from geogenic calcite on the basis of mineral composition 
(determined through FTIR or mFTIR analysis) and overall dull appearance of the calcite. The 
application of FTIR and mFTIR analysis to samples from archaeological Stratum 9 have confirmed 
the presence of pyrogenic calcite suggesting these plant remains were indeed burnt (Koopowitz 
2019:8; Thibodeau 2016).  
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Figure 4.16 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 2a; (B) Micrograph of subsample 3 from 
thin section 05-01 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.16 Grain size estimates for lithostratigraphic Unit 2a.  
  WW05-01 1 WW05-01 2 WW05-01 3     














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 5.9 5.9 15.5 15.5 7.2 7.2 9.5 9.5 4.2 
2.3 FS 29.4 35.3 20.6 36.1 20.6 27.8 23.5 33.1 4.1 
3.3 VFS 23.5 58.8 22.7 58.8 20.6 48.5 22.3 55.3 1.2 
4.3 Silt 17.6 76.5 10.3 69.1 30.9 79.4 19.6 75.0 8.5 
9.0 Clay 23.5 100.0 30.9 100.0 20.6 100.0 25.0 100.0 4.3 
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4.1.17. Lithostratigraphic Unit 1b 
Unit 1b is light brown to light grayish brown and approximately 10–15 cm thick 
(Figure 3.1; Appendix A). The boundary with the underlying unit (1c) is clear smooth18F19. 
The microfabric is characterized by a poorly sorted clay loam and a massive 
microstructure with a close-to-open porphyric c/f related distribution. The bar graph 
reveals a primarily fine-skewed average grain size distribution with the highest 
abundance of clay, silt, and fine sand-sized grains (Figure 4.17; Table 4.17). The coarse 
fraction is primarily composed of medium sand- to silt-sized rounded quartz grains and 
medium sand- to fine sand-sized sedimentary rock, likely clasts of banded ironstone 
formation. The fine fraction is composed of micritic calcite and clay minerals resulting in 
a calcitic crystallitic b-fabric. Although not included in the micrographs used for the grain 
size analysis, it is important to note the presence of micro debitage and calcified plant 
materials that are observable at lower magnifications (Appendix D). These 
micromorphological observations are comparable to the field observations where the 
coarse fraction was noted to contain mm-to-cm sized sub-rounded to rounded stone 
fragments, including examples of banded ironstone and chert fragments. The standard 
deviation reveals moderate to high variability in the clay and silt grain size classes and 
low to no variation for the other grain size classes. The coarse fraction is cemented by 
the fine fraction as evident in Figure 4.17-B/C. Subsample 1 contains a medium sand-
sized lenticular sparitic calcite nodule (see Figure 4.17-B/C) (Appendix C). The origins of 
this calcite are not certain. It is possible that this calcite is derived from two separate 
sources—as evaporite minerals from the playa lake which are blown into the cave—or 
as calcite precipitated in the cave from dripping water. Additionally, all subsamples 
contain silt-sized dark rounded amorphous grains, which are possibly FeMn nodules.  
Interpretation:  Considering the micromorphological characteristics of the 
sediment in Unit 1b, it is hypothesized that it was deflated by the wind from the margins 
of a playa lake with a high composition of carbonates. After deposition in the cave, this 
calcareous sediment was likely cemented following exposure to calcium carbonate rich 
water, likely dripping from the ceiling (similar to the formation of cave breccia). Since 
carbonates, often in the form of calcite, are the primary evaporite minerals produced 
 
19 Lithostratigraphic Unit 1c is not described in this study since it is primarily composed of calcified 
plant material (see section 3.1.1). 
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during Stage 1 and 2 of the playa lake cycle (Table 3.2) and given that water is required 
for the precipitation of secondary calcium carbonates in caves (Mallol and Goldberg 
2017:362), it is likely that these observations reflect a wet period and full lake phase. 
Furthermore, the mean quartz grain size is consistent with what would be expected of 
foredune beach sands during a full lake phase.  
 
Figure 4.17 (A) Bar graph displaying the average grain size distribution and 
standard deviation of Unit 1b; (B) Micrograph of subsample 1 from 
thin section 05-01 (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
Table 4.17 Grain size estimates for lithostratigraphic Unit 1b. 
  WW05-01 1 WW05-01 2 WW05-01 3     
Particle 














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 0.0 
2.3 FS 20.0 25.0 20.0 25.0 20.0 25.0 20.0 25.0 0.0 
3.3 VFS 15.0 40.0 15.0 40.0 10.0 35.0 13.3 38.3 2.4 
4.3 Silt 40.0 80.0 30.0 70.0 25.0 60.0 31.7 70.0 6.2 
9.0 Clay 20.0 100.0 30.0 100.0 40.0 100.0 30.0 100.0 8.2 
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4.1.18. Lithostratigraphic Unit 1a 
Unit 1a is the uppermost lithostratigraphic unit of the Earlier Stone Age deposits 
in Excavation 1 at Wonderwerk Cave. This unit is light brown to light gray and has a 
thickness of approximately 10–15 cm (Figure 3.1; Appendix A). The boundary with the 
underlying unit is gradual and diffuse. The microfabric is characterized by a poorly sorted 
clay loam with a massive microstructure and a close-to-open porphyric c/f related 
distribution. The bar graph reveals a primarily fine-skewed average grain size distribution 
with the highest abundance of clay, silt, and fine sand-sized grains (Figure 4.18; Table 
4.18). The coarse material is primarily composed of fine sand- to silt-sized well-rounded 
quartz grains and few very fine sand- to silt-sized dark amorphous grains (Appendix C). 
The fine material is primarily composed of micritic calcite and clay minerals resulting in a 
stipple speckled b-fabric (see Figure 4.18-C). The standard deviation reveals moderate 
variation in the abundance of fine sand- and clay-sized grains across the subsamples 
and low variability in the other size classes. All subsamples contain very fine sand- to 
silt-sized dark rounded amorphous grains, which are possibly FeMn nodules. 
Subsamples 2 and 3 contain some silt- to fine sand-sized quartz grains with clay 
coatings. This unit appears very similar to underlying LU 1b; however, it is slightly darker 
in colour and less cemented by calcite.  
Interpretation: Given the similarities to Unit 1b, it may be interpreted that a 
significant proportion of this unit was deposited via the same mechanism and reflects a 
similar lake phase. However, given that this layer is less cemented, it may imply that this 
period was slightly less humid than the previous. The texture of this layer suggests that 
other depositional processes and sources may have also contributed to the 
sedimentation of this lithostratigraphic unit. These observations reflect a period of slightly 




Figure 4.18 (A) Bar graph displaying the average grain size distribution and 
statndard deviation of Unit 1a; (B) Micrograph of subsample 1 from 
thin section 13-79A (Appendix D), PPL; (C) Same as B, but XPL. The 
scale bar is 500 μm. 
 
Table 4.18 Grain size estimates for lithostratigraphic Unit 1a. 
  WW13-79A 1 WW13-79A 2 WW13-79A 3     
Particle 














0.0 CS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.0 MS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2.3 FS 15.0 15.0 15.8 15.8 25.0 25.0 18.6 18.6 4.5 
3.3 VFS 15.0 30.0 15.8 31.6 10.0 35.0 13.6 32.2 2.6 
4.3 Silt 35.0 65.0 31.6 63.2 40.0 75.0 35.5 67.7 3.5 
9.0 Clay 35.0 100.0 36.8 100.0 25.0 100.0 32.3 100.0 5.2 
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4.2. Microfabric Variation in Sediment Composition 
The microstratigraphic variability in sediment composition is highlighted in Unit 
4a-b. In the field, lithostratigraphic Unit 4a-b (Figure 4.19) appears as a relatively 
homogenous 10–15 cm thick red to yellowish red sedimentary layer where the 
observable vertical variation is minimal. However, when an intact block was processed 
into thin section, numerous distinct sedimentary microfabric units became apparent.  
 
Figure 4.19 The micro-layers identified in Lithostratigraphic Unit 4a-b. Left: A 
cropped macroscan of thin section WW11-10A with micro-layers 4–9 
(yellow) and microfabrics 1–3 (green). Right: Location of 
corresponding LU indicated on the north profile of Excavation 1.  
Thin section 11-10A contains a total of three distinct microfabrics (µF) composing 
11 micro-layers (µL) (see Appendix D). I present the results for micro-layers 9 through 4 
as they appear the best preserved. Micro-layers 9, 7, and 5 are composed of microfabric 
1, micro-layers 8 and 6 are composed of microfabric 2, and micro-layer 4 is composed of 
microfabric 3. The general characteristics of each microfabric are described, followed by 
a description of each associated micro-layer. Only one micrograph (i.e., subsample) was 
analyzed for each micro-layer, which means that a rate of standard deviation should be 
assumed for these samples based on the standard deviation of other comparable units. 
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4.2.1. Lithostratigraphic Unit 4a-b: Microfabric 1  
Microfabric Unit 1 is characterized by a dark red poorly to moderately sorted clay 
with a compact-to-compact intergrain microaggregate microstructure and a close to open 
c/f related distribution. The bar graphs produced for each associated micro-layer indicate 
a strong fine-skewed grain size distribution with the highest abundance of clay-sized 
grains (Figures 4.20-4.22; Tables 4.19-4.21). The coarse component is comprised of 
fine sand- to silt-sized rounded quartz grains and few very fine sand- to silt-sized dark 
amorphous grains (Appendix C). The fine component is primarily composed of Fe rich 
clay minerals and micritic calcite.  
Micro-Layer 9 
Micro-layer 9 is composed of µF 1 and 0.7–0.3 cm thick (Figure 4.19). The 
boundary with the overlying layer is abrupt smooth to wavy and abrupt irregular with the 
layer below. The composition and arrangement of the fine component results in a 
crystallitic to porostriated b-fabric. The micrograph features few strongly impregnated to 
pure typic orthic FeMn nodules. It also features two fine sand-sized quartz grains with 




Figure 4.20 (A) Bar graph displaying the grain size distribution of micro-layer 9, 
Unit 4a-b; (B) Micrograph of subsample 1 from thin section 11-10A, 
PPL; (C) Same as B, but XPL. The red arrow points to a laminated 
clay coating with sharp extinction zones. The scale bar is 500 μm. 






Micro-layer 7 is composed of µF 1 and 0.5–0.3 cm thick (Figure 4.19). It has 
abrupt smooth boundaries with the overlying and underlying micro-layers. The 
composition and arrangement of the fine component results in a granostriated to 
porostriated b-fabric (Figure 4.21-C). The dark amorphous grains in this micro-layer are 
likely BIF clasts or FeMn nodules.  
Particle 
Size  Subsample 1 
Phi 
Size 
Class % cum % 
0.0 CS 0.0 0.0 
1.0 MS 0.0 0.0 
2.3 FS 11.1 11.1 
3.3 VFS 11.1 22.2 
4.3 Silt 11.1 33.3 
9.0 Clay 66.7 100.0 
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Figure 4.21 (A) Bar graph displaying the grain size distribution of micro-layer 7, 
Unit 4a-b; (B) Micrograph of subsample 1 from thin section 11-10A, 
PPL; (C) Same as B, but XPL. The scale bar is 500 μm. 
Table 4.20  Grain size estimates for micro-layer 7. 
Particle Size  Subsample 1 
Phi 
Size 
Class % cum % 
0.0 CS 0.0 0.0 
1.0 MS 0.0 0.0 
2.3 FS 13.3 13.3 
3.3 VFS 5.6 18.9 
4.3 Silt 14.4 33.3 
9.0 Clay 66.7 100.0 
 
Micro-layer 5 
Micro-layer 5 is comprised of microfabric 1 and 0.7–0.2 cm thick (Figure 4.19). It 
has an abrupt wavy boundary with both the overlying and underlying micro-layers. This 
subsample contains one fine sand-sized well-rounded grain of sedimentary rock and one 
medium sand-sized subangular elongate chert grain. The fine component is composed 
of clay minerals and micritic calcite resulting in a crystallitic to speckled b-fabric (Figure 
4.22-B/C). This micro-layer features few black amorphous nodules, likely FeMn nodules.  
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Figure 4.22 (A) Bar graph displaying the grain size distribution of micro-layer 5, 
Unit 4a-b; (B) Micrograph of subsample 1 from thin section 11-10A, 
PPL; (C) Same as B, but XPL. The scale bar is 500 μm.  
Table 4.21 Grain size estimates for micro-layer 5.  
Particle Size  Subsample 1 
Phi 
Size 
Class % cum % 
0.0 CS 0.0 0.0 
1.0 MS 11.1 11.1 
2.3 FS 5.6 16.7 
3.3 VFS 5.6 22.2 
4.3 Silt 16.7 38.9 
9.0 Clay 61.1 100.0 
 
Microfabric 1 Interpretation: The sedimentary characteristics of microfabric 1 
suggest that at least a portion of the sediment was deposited in the cave by the wind. 
These observations and fine-skewed grain size distribution may reflect a low lake level 
and suggest a period of increased aridity. Given that the composition of clay and silt in 
this unit appears similar to the composition of Type B calcitic speckled pellets, it is 
possible that the sediment of this microfabric unit is disaggregated clay pellets. However, 
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the colour, as well as the size and frequency of the quartz, sand grains does not align 
with that of the pelletal clay layers (i.e., µFU 8 and 6) in this lithostratigraphic unit, 
making this scenario less likely.  
4.2.2. Lithostratigraphic Unit 4a-b: Microfabric 2 
Microfabric 2 is characterized by a reddish yellow moderately sorted sandy loam. 
It has a granular to complex granular and intergrain microaggregate microstructure and 
a close enaulic c/f related distribution. The grain size distribution for this microfabric is 
slightly bimodal/coarse skewed and primarily composed of medium sand-sized clay 
pellets (Figures 4.23 and 4.24; Tables 4.22 and 4.23). The specifics of micro-layer 8 and 
6 are discussed below. 
Micro-layer 8 
Micro-layer 8 is comprised of microfabric 2 and 0.4 cm thick (Figure 4.19). It has 
abrupt smooth to wavy boundaries with the overlying and underlying micro-layers. The 
bar graph reveals a slightly bimodal grain size distribution with the high abundances of 
medium sand-sized grains, coarse sand-sized grains, and clay-sized grains (Figure 4.23; 
Table 4.22). The coarse component is dominated by coarse to medium sand-sized 
rounded clay pellets and very few rounded fine sand- to silt-sized quartz grains 
(Appendix C). The fine component is dominated by micritic calcite with very few clay 
minerals resulting in a crystallitic to granostriated b-fabric. This subsample may include 
very few very fine sand- to silt-sized FeMn nodules or BIF clasts. It appears that there is 
post-depositional calcification of fine grain material as micritic calcite forms very finely 
laminated nodules as part of the fine component. 
The abundance of clay pellets in the subsample is 68% (Appendix C) and it has a 
very high pelletal clay to quartz ratio (Figure 4.23-B; Appendix B). The pellets range in 
size from 300–550 μm and are prolate to equate in shape (Figure 4.23-C/D). They are 
reddish yellow in colour and are primarily composed of Fe-rich clay minerals (87%), with 
very few grains of micritic calcite (5%), very few very fine sand- to silt-sized rounded 
quartz grains (5%), and very few dark amorphous grains (5%). These clay pellets 
correspond to Dare-Edwards’ Type B calcitic speckled clay pellets. Several clay pellets 
have rough surfaces and are partially disaggregated, while others have smooth surfaces 
and do not show signs of disaggregation (Figure 4.23-C/D).  
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Figure 4.23 (A) Bar graph displaying the grain size distribution of micro-layer 8, 
Unit 4a-b; (B) Bar graph displaying the ratio of clay pellets to quartz 
grains; (C) Micrograph of subsample 1 from thin section 11-10A, 
PPL; (D) Same as B, but XPL. The scale bar is 500 μm.  
Table 4.22 Grain size estimates for micro-layer 8.  
Particle Size  Subsample 1 
Phi 
Size 
Class % cum % 
0.0 CS 15.4 15.4 
1.0 MS 53.8 69.2 
2.3 FS 6.2 75.4 
3.3 VFS 3.1 78.5 
4.3 Silt 6.2 84.6 
9.0 Clay 15.4 100.0 
 
Micro-layer 6  
Micro-layer 6 is comprised of microfabric 2 and 0.5–0.2 cm thick (Figure 4.19). It 
has an abrupt wavy boundary with the overlying and underlying micro-layers. The bar 
graph reveals a strongly coarse-skewed grain size distribution with the highest 
abundance of medium sand-sized grains followed by coarse sand-sized grains (Figure 
4.24; Table 4.23). The coarse component is almost entirely composed of coarse and 
medium sand-sized clay pellets with very few fine sand- to silt-sized rounded dark 
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amorphous grains and very few very fine sand- to silt-sized rounded quartz grains 
(Appendix C). The fine component is primarily composed of micritic calcite and very few 
clay minerals resulting in a crystallitic b-fabric. The subsample analyzed contains very 
few fine sand- to silt-sized rounded dark amorphous grains, possibly FeMn nodules. The 
clay pellets appear to have micritic clay coatings (Figure 4.24-D).  
The abundance of clay pellets in the subsample is 68% (Appendix C) and has a 
very high pelletal clay to quartz ratio (Figure 4.24; Appendix B). The pellets range in size 
from 300–800 μm and are prolate to equate in shape (Figure 4.24-C/D). The clay pellets 
are reddish yellow and are primarily composed of clay minerals (90%) with very few 
grains of micritic calcite (5%) and very few very fine sand- to silt-sized quartz grains 
(5%). These clay pellets correspond to Dare-Edwards’ Type B calcitic speckled clay 
pellets.  
 
Figure 4.24 (A) Bar graph displaying the grain size distribution of micro-layer 6, 
Unit 4a-b; (B) Bar graph displaying the ratio of clay pellets to quartz 
grains; (C) Micrograph of subsample 1 from thin section 11-10A, 
PPL; (D) Same as B, but XPL. The scale bar is 500 μm.  
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Table 4.23 Grain size estimates for micro-layer 6.  
Particle Size  Subsample 1 
Phi 
Size 
Class % cum % 
0.0 CS 30.8 30.8 
1.0 MS 38.5 69.2 
2.3 FS 3.1 72.3 
3.3 VFS 4.6 76.9 
4.3 Silt 7.7 84.6 
9.0 Clay 15.4 100.0 
 
Microfabric 2 Interpretation: The micromorphological characteristics, specifically the 
coarse dominant bimodal grain size distribution and high ratio of clay pellets to quartz 
grains, suggest that the sediment of microfabric 2 was derived from the exposed 
mudflats of a playa lake and possibly deposited in a clay lunette dune before being 
transported into the cave by the wind. Furthermore, the micromorphology suggests that 
the sediment of micro-layer 8 was subsequently trampled or lightly water reworked as 
evidenced by the disaggregation of some pellets. Thus, it is hypothesized that the 
sediment of microfabric 2, observed in micro-layers 8 and 6, reflect fluctuating low lake 
conditions and possibly a period of oscillating climatic conditions. 
4.2.3. Lithostratigraphic Unit 4a-b: Microfabric 3/Micro-layer 4 
Micro-layer 4 is the only observed layer that is composed of microfabric 3. This 
microfabric is light red to pink and is characterized by a poorly sorted sandy clay loam 
with an intergrain microaggregate microstructure and a close-to single-spaced enaulic c/f 
related distribution. Micro-layer 4 is 1.3–0.5 cm thick and has an abrupt irregular 
boundary with the overlying micro-layer and an abrupt smooth boundary with the 
underlying micro-layer (Figure 4.19). The bar graph reveals a grain size distribution 
dominated by fine sand (Figure 4.25; Table 4.24). The coarse component is composed 
of fine sand- to silt-sized rounded quartz grains and few very fine sand- to silt-sized 
rounded dark amorphous grains (Appendix C). The fine fraction is primarily composed of 
micritic calcite with few clay minerals resulting in a crystallitic to speckled b-fabric. The 
sedimentological observations and grain size distribution graph resemble those for LU 
9c.  
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Interpretation: The micromorphological characteristics suggest that the 
sediment of microfabric 3/micro-layer 4 was deposited inside the cave by the wind with 
only minor post-depositional calcification of the particles. Given this evidence, it is 
possible that at this stage sand dunes existed outside the cave, where wind and wave 
action supplied the coarser-sized quartz grains. Given that playa lakes produce 
carbonates in Stages 1 and 2 (Table 3.2), the calcite observed in this layer could have 
origins in the playa lake. Calcium carbonate-rich water dripping inside the cave may also 
have contributed to the calcite identified. These observations and the coarse-skewed 
grain size distribution may reflect a full lake phase and a period of increased moisture.  
 
Figure 4.25 (A) Bar graph displaying the grain size distribution of micro-layer 4, 
Unit 4a-b; (B) Micrograph of subsample1 from thin section 11-10A, 
PPL; (C) Same as B, but XPL. The scale bar is 500 μm. 
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Table 4.24 Grain size estimates for micro-layer 4.  
Particle Size  Subsample 1 
Phi 
Size 
Class % cum % 
0.0 CS 0.0 0.0 
1.0 MS 0.0 0.0 
2.3 FS 36.4 36.4 
3.3 VFS 27.3 63.6 
4.3 Silt 9.1 72.7 
9.0 Clay 27.3 100.0 
 
4.3. Summary of Results  
The key micromorphological characteristics and inferred lake phase of each 
lithostratigraphic unit are summarized in Table 4.25 and below. The basal deposit of the 
sequence analyzed in this study (LU 9c) is a sandy clay loam with evidence of water 
reworking possibly by a stream, indicating the strong possibility of a full lake. In the 
overlaying LU, 9b, a clay loam with very few playa lake evaporites, possibly the result of 
leached soluble salts, indicates a dry lake phase. The presence of calcitic speckled clay 
pellets (Figure 3.4, Type B) and low quantity of carbonates associated with quartz grains 
in addition to the bimodal grain size distribution in LU 8 indicates the deflation of playa 
lake surfaces during periods of fluctuating low lake levels. 
 In LU 6a and LU 5(c-a), the rounded sand-sized grains resemble those deposited 
in foreshore dunes through wave action and deflated from the Kalahari (Matmon et al. 
2012:619–621). This factor is a strong indicator for full lake levels, since playa lake 
sedimentation is not dominant when the lake is full, thus sediments will be derived from 
other sources (i.e., Kalahari sand dunes, see Matmon et al. 2012) and the landscape is 
likely stabilized and possibly undergoing pedogenesis. It is difficult to ascertain possible 
lake levels in LU 4b-c and 4b-b due to the strong post-depositional diagenetic alteration 
of the sediments in these units. However, the conditions of the lake are very apparent in 
LU 4b-a and 4a-b as indicated by analysis of the microfabrics. The mineral composition 
in tandem with the slightly fine-skewed grain size distribution of 4b-a µFU3 indicates a 
lake full phase followed by fluctuating low lake levels as indicated by the calcitic 
speckled clay pellets, quartz grains, and evaporite minerals, such as micrite, in 4b-a 
µFU2 and µFU1. The clay and sandy clay microfacies interbedded with pelletal clay 
layers of LU 4a-b indicate intermittent lake filling and lake drying (see section 5.1.1 for 
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further discussion). The filling and drying of the lake are then followed by a period of 
fluctuating low lake levels as indicated by presence of calcitic speckled clay pellets, high 
PC:Qtz ratio and presence of evaporite minerals in LU 4a-a.  
 In LU 3, the quartz sand and clay may indicate a dry lake phase. The absence of 
end stage playa lake evaporite minerals (e.g., halite and bitterns) observed in the 
subsamples may be attributed to the leaching of these soluble salts. This lake phase is 
followed by a fluctuating low lake level in LU 2b, as indicated by the bimodal grain size 
distribution and presence of calcitic speckled clay pellets, and a dry lake phase in LU 2a 
as indicated by the mineral composition and overall micromorphological characteristics. 
The final stage in the Earlier Stone Age sequence, exhibits massive, calcified quartz 
sand sediments in LU 1b and 1a that likely indicate an extended lake full period.  
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Table 4.25 Summary of key micromorphological characteristics and inferred lake phase of lithostratigraphic units. 












9c Well to moderately 




pellicular structure  
Enaulic  Clay coating of some quartz 
grains 
Bimodal Full 




Enaulic  Clay coating of some quartz 
grains 
Fine-skewed Dry 
9a Well sorted clay Spongy Fine Monic  Phosphatization of 
dolostone/ 
flowstone 
Fine-skewed Not Applicable 





Enaulic Type B: 
Calcitic 
speckled 
Clay coating of quartz grains; 
carbonate hydroxyapatite 
nodules 
Bimodal Fluctuating low 




 Carbonate hydroxyapatite 
crust; moderately to strongly 
impregnated calcite nodules 
with halos 
Fine-skewed Not Applicable 








 Few quartz grains with red 
low birefringent clay coatings 
Bimodal? Full 
5c Poorly sorted to 






Very few quartz grains with 
clay coatings 
Fine-skewed Full 







 Orthic clay aggregates Fine-skewed Full 






 Few quartz grains with clay 
coatings; few FeMn nodules; 
















4b-c Unsorted sandy 
clay loam 
Compact Close- to 
double-spaced 
porphyric 
 FeMn rich concentric clay 
nodules; Clay coating of 
quartz grains; iron depleted 
clay pellet 
N/A Inconclusive 
















 Calcification of ashed plant 








Granular Chitonic Type B: 
calcitic 
speckled 





Granular Chitonic Type B: 
calcitic 
speckled 
Some partially disaggregated 
clay pellets 
Bimodal Fluctuating Low 
4a-b 
µL 9 
Poorly sorted clay Compact intergrain 
microagregate 
Single-spaced 
to open enaulic 
 Strongly impregnated to pure 
typic orthic FeMn nodules; 
two quartz grains with 
external laminated 










Close enaulic Type B: 
calcitic 
speckled 
Calcitic finely laminated 
nodules; Possible FeMn 
nodules; some partially 
disaggregated clay pellets 














Granular Close enaulic Type B: 
calcitic 
speckled 
Micritic calcite coating of clay 
pellets; Possible FeMn 
nodules 
Coarse-skewed Fluctuating Low 
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A: clay flake 
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Bimodal Fluctuating Low 
2a Moderately sorted 
sandy clay loam 
Compact bridged  Close- to 
single-spaced 
porphyric 
 Calcification of ashed plant 
material  
Equal Low/Dry 
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Chapter 5.  
 
Discussion 
In this chapter I review the general findings of my grain size distribution and 
micromorphological analysis, before comparing my results with other 
paleoenvironmental data published for the Earlier Stone Age at Wonderwerk Cave. Next, 
I compare my results to data published on Lake Mungo to assess the proof of concept. 
These comparisons lead to a discussion on the reliability and potentials of my proposed 
analytical procedure followed by the identification of its limitations and factors that must 
be considered.  
5.1. General Findings 
The systematic application of grain size distribution analysis and 
micromorphology to petrographic thin sections from the Earlier Stone Age deposits at 
Wonderwerk Cave showed that sediments deposited in the cave for the last 2 million 
years preserve information on the different phases of a now disappeared paleo-playa 
lake system (Goldberg et al. 2015). More specifically, the analytical protocol I designed 
as part of this study revealed microscale patterns in grain size distribution, mineral 
composition, and other micromorphological properties. These patterns appear to reflect 
sediment characteristics of playa lakes (and possibly lunette dunes) observed in extant 
and paleo-lake systems in Africa and Australia.  
The sediments recovered from the Earlier Stone Age deposits in Excavation 1 of 
Wonderwerk Cave (Figure 2.2) contain particles with characteristics attributable to 
aeolian deposition and show no evidence for high-energy water deposition and little 
evidence for low-energy water-reworked material (except LU9c; see section 4.1.1) 
(Chazan et al. 2012:865; Matmon et al. 2012:616; 621). However, observations of 
texture and sorting in the micrographs, thin sections, and stratigraphic profile indicate 
additional depositional processes and sedimentary sources (Goldberg et al. 2015:638–
640). Furthermore, in the micrographs analyzed, diagenesis is primarily small-scale and 
localized, except for at the top of archaeological Stratum 9 (e.g., LU 1a and 1b) where 
large-scale calcium carbonate cementation occurred, and in LU 7 and 9a where large-
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scale phosphatization occurred. The results of this study are summarized in Table 4.25 
and Figures 5.1 and 5.2. The Earlier Stone Age sediments deposited in Excavation 1 at 
Wonderwerk Cave show micromorphological characteristics consistent with a recurring 
depositional pattern associated with sediment supplied from a playa lake. A 
reconstruction of the hypothesized paleo-playa lake phases observed in the ESA 
sequence is presented as a facies model19F20 in Figure 5.1. The facies pattern summarizes 
soil micromorphological, grain size distribution, and field observations from the north and 
east profiles of Excavation 120F21. 
In this thesis I analyzed micrographs from nineteen of the twenty-two 
lithostratigraphic units in Excavation 1. I was able to identify sediments with 
characteristics associated with distinct playa lake phases in fifteen of these 
lithostratigraphic units using my protocol and model (Figure 5.1 and Figure 5.2). The 
results are undetermined (UND) for LU 4b-c and 4b-b due to the strong post-depositional 
diagenetic alteration of the sediments in these units making it difficult to ascertain 
whether these units contain materials derived from the playa lake (Figure 5.2). 
Additionally, I was not able to infer a lake phase for LU 9a and 7 since the sediments in 
these units are heavily phosphatized and retain very few characteristics of their parent 
materials and thus the model was not applicable (N/A) (Figure 5.1 and Figure 5.2).  
 
20 A facies model is a general summary of a specific sedimentary environment that can aid in the 
understanding of local environments and their formation processes (Walker 1976:21–22). When 
examining paleo-sediments it is more appropriate to classify them according to sedimentary facies 
(i.e., the deposit) rather than sedimentary environment (Selley 1985:2) 
21 This facies model is based on (Barrows et al. 2020:fig. 10). 
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Figure 5.1 Facies model for Excavation 1 sediments and the associated 
inferred playa lake phases. In general, the playa lake demonstrates 
fluctuating hydrological conditions throughout the ESA with 
intermittent periods of stability and periods of rapid fluctuations. 
In Figure 5.2, the grain size distribution graphs and interpreted lake phase of 
each analyzed layer are plotted next to the north profile of Excavation 1. Based on 
previously published work on sediment transport and playa lake sedimentation 
processes (see Table 2.3 and 2.4; Armstrong Price 1963; Bowler 1986; Lewis and 
McConchie 1994; Shaw and Bryant 2011), three recognizable sedimentological patterns 
are apparent in the grain size distributions of the Wonderwerk sediments: 1) bimodal; 2) 
fine-skewed; and 3) coarse-skewed.  
The most obvious pattern is a bimodal distribution of grain sizes that corresponds 
with fluctuating low lake levels. The first mode appears in the sand-sized range and is 
associated with pelletal clay and quartz grains, where the other mode occurs in the silt or 
clay range and is primarily associated with evaporite minerals and clay minerals 
116 
(perhaps even disaggregated clay pellets). This trend was also identified by James 
Bowler (1973:327) in the Mungo lunette sediments and by A.J. Dare-Edwards 
(1984:339) in southeastern Australian lunettes. I also infer that a left (coarse)-skewed 
grain size distribution is indicative of high lake levels and a right (fine)-skewed grain size 
distribution is indicative of a low or desiccated lake level (see section 3.2), although this 
trend is much less clear (see below). Thus, it is much more difficult to identify full lake 
phases (Stage 1–2) and dry lake phases (Stage 5), than it is low or fluctuating (Stage 3–
4) lake phases using only the grain size distribution. It is important to note that these are 
general observed patterns and the graphical representations must be considered in 
tandem with micromorphological observations. Additionally, the input of sediments in the 
cave from other sources increases the difficulty of interpreting the grain size distributions 
as these trends are based on the distributions expected of playa lake sediments only.  
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Figure 5.2 Grain size distribution and hypothesized lake phase plotted 
stratigraphically against the north profile of excavation 1.  
Note: The Y-axis is normalized in all graphs to a range of 0-60 percent. The 
graphs for Units 4b-a and 4a-b are not included in this figure and are included in 
Figure 4.12 and Figure 5.3. 
5.1.1. Micromorphology in Interpreting Lake Phases at Wonderwerk 
Cave 
The microscopic study of sediments in thin section allows for increased spatial 
resolution and the detection of changes in sediment composition that is not achieved 
with other methods. Through the identification of microfabric units, potential paleo-playa 
lake phases can be reconstructed in greater detail. Since the sediments are proxies 
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representing stages of the playa lake where not all phases may be preserved in the 
deposits—or are preserved to varying extents—it is important to avoid overlooking the 
microstratigraphic changes. Figure 5.3 displays a cropped image of thin section WW11-
10A from LU 4a-b with the grain size distribution graphs plotted next to the 
corresponding micro-layer, showing that the grain size distribution variation is detectable 
at the mm-scale.  
Figure 5.3 also illustrates that the grain size distribution analyses reveal a distinct 
pattern of alternating sediment properties inside the cave. It can be assumed from these 
patterns that the conditions outside the cave that produced these sediments are 
repetitive, and perhaps even cyclical, in nature. In LU 4a-b µF 1 (i.e., µL 9, 7, and 5), I 
infer a dry lake phase, and in µF 2 (i.e., µL 6 and 8), I infer a fluctuating low lake level. In 
µF 3 (i.e., µL 4), I infer a lake full phase based on the grain size distribution and 
relatively large proportion of quartz grains. These micro-layers (n=6) are composed of 
alternating microfabrics (n=3), which demonstrates that the processes that produced 
these sediments repeat (i.e., cyclical).  Specifically, this depositional sequence suggests 
a cyclical pattern of low fluctuating lake levels and dry lake phases. Similarities between 
the sediments may be observed at the macroscopic scale (i.e., thin section); however, 
micromorphological observations and grain size distribution graphs strengthen the 
interpretation that these micro-layers are in fact composed of the same repeating micro-
fabrics. These graphs are a means to semi-quantitatively identify lake phases and the 
sedimentary microlaminae patterns produced by the playa lake hydrological cycle.  
The potential of micromorphology and grain size distribution analysis in detecting 
sedimentological changes representative of changing lake phases and paleo-landscape 
conditions is significant. This specifically designed protocol has the ability to detect 
changes in sediment composition not achieved by conventional sedimentological (i.e., 
bulk sampling and sieve analysis) methods.  
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Figure 5.3 Microstratigraphic variation in sediment properties as evidenced in 
thin section WW11-10A of lithostratigraphic Unit 4a-b. The grain size 
distribution and micromorphological analysis reveal a distinct 
pattern of alternating microfabrics inside the cave that are not 
apparent in the field. It can be inferred from this thin section that the 
conditions outside the cave that produced these sediments are 
repetitive, and perhaps even cyclical, in nature. The repetition of fine 
sand to clay pellets indicate the succession of fluctuating 
conditions followed by stable lake conditions. The green numbers 
correspond to the microfabric, and the yellow numbers indicate the 
micro-layer. 
Note: Scale bars are equal to 500μm. 
5.2. Comparing the Results to other Paleoenvironmental 
Proxies at Wonderwerk Cave 
The results presented in this study show a degree of concordance with other 
paleoenvironmental studies of the Earlier Stone Age at Wonderwerk Cave. For example, 
Ecker et al. (2018) combine enamel stable carbon and oxygen isotope data, associated 
fauna, and phytoliths to reconstruct the paleoecological context of the early Pleistocene 
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at Wonderwerk Cave. Their study reports an arid to semi-arid environment with 
predominantly summer rainfall throughout the Oldowan (archaeological Stratum 12; LU 
9–8). This interpretation is starkly contrasted with a shift to cooler, more humid21F22  
conditions throughout the early Acheulean (archaeological Stratum 11; LU 7–5) (Ecker 
et al. 2018:1082). The distinct shift in environmental conditions from Stratum 12 to 
Stratum 11 recorded by the phytolith record is supported by the results presented in this 
thesis (Ecker et al. 2018:1082; Rossouw 2016:261). The shift from the warmer summer 
rainfall-dominated conditions to cooler winter rainfall conditions occurs around the shift 
from the Oldowan to Acheulean and appears to begin at the top of Stratum 12 (LU 8) 
(see Ecker et al. 2018: Fig 3). My interpretation of a dry lake phase in LU 9b followed by 
a fluctuating low lake level at the top of Stratum 12 (LU 8), likely resulting from oscillating 
climatic conditions, supports a transitional period from arid to cooler conditions as 
identified by Ecker et al. (2018:1082) Rossouw (2016:261).  
The environmental reconstructions for Stratum 11 indicate a consistently cooler 
climate, with little indication of fluctuating conditions, as implied by the homogeneity of 
the sediments (Ecker et al. 2018:1082–1083; Rossouw 2016:261). However, the 
interpretations regarding the degree of aridity that persisted throughout this period are 
contradictory between studies. Ecker et al. (2015, 2018:1082–1083) suggest a more 
humid environment based on data from carbon and oxygen isotopes. In contrast, 
Chazan et al. (2012:865–866) and Rossouw (2016:261) report an increase in aridity in 
comparison to the underlying stratum. I identify a sustained lake full stage throughout LU 
6–5, which makes a period of increased aridity a less likely scenario.  
My interpretation of a sustained lake full stage in archaeological Stratum 11 (i.e., 
LU 6–5) is supported by Matmon et al. (2015) who combine cosmogenic nuclide data, 
stratigraphy, and sedimentology to reconstruct the depositional environment at 
Mamatwan Mine, located 80 km north of Wonderwerk Cave. In this study, Matmon et al. 
(2015) conclude that a shallow stable low-energy body of water was present in the area 
of Mamatwan Mine for a period of 450 ka prior to 1.0–1.2 Ma (Matmon et al. 2015:10–
11).  
 
22 Reported as dryer by Chazan et al. (2012:865-866) and Rossouw (2016:260) 
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Previous paleoenvironmental data from Stratum 10 largely cite a continuation of 
conditions from Stratum 11. The phytolith record presented in Rossouw (2016:261) 
suggests that the cooler dry conditions persisted throughout this period. However, Ecker 
et al. (2018:1082, 1084) discuss the possibility of increased and or regular rainfall 
throughout the early Pleistocene (archaeological Stratum 11–10; LU 7–4), based on 
oxygen isotope values and presence of lechwe bones, which indicate the presence of 
year-round lakes and pans. My results for LU 6–5 strongly support the notion of 
increased moisture availability and subsequently the presence of year-round lakes. 
Moreover, the methods I used allow me to further refine these results and suggest that 
throughout Stratum 10, there were periods of oscillating hydrological conditions, possibly 
related to fluctuating climatic conditions(see Figures 5.3 and 5.4; section 5.1.1) as 
evidenced by the pelletal clay.  
The range of proxies used to reconstruct the paleoenvironmental conditions of 
the uppermost unit of the Earlier Stone Age sequence at Wonderwerk Cave indicate a 
return to warmer more arid conditions, like those reported by Ecker et al. (2018:1082) in 
the archaeological Stratum 12. The phytolith record shows a shift back towards a C4-
dominated environment indicating warmer temperatures and a summer rainfall regime, 
typical of a savanna to Nama- Karoo vegetation zone22F23. Furthermore, the OES data also 
indicates the return to an arid climatic regime (Ecker et al. 2015:110). Rossouw 
(2016:261) notes that this shift coincides with an increase in global sea surface 
temperatures, further supporting the interpretation of a warmer more arid period. My lake 
phase reconstructions for LU 2b–1 suggest that the environmental conditions were more 
complex than implied by the conclusions of Rossouw (2016) and Ecker et al. 2015, 
2018). Contrary to a simple trajectory of increased aridity throughout archaeological 
Stratum 9 as reported in the other studies, I interpret the existence of a period of 
fluctuating lake levels (LU 2b), following a dry lake period, and prior to a return to 
increased water availability. This apparent contrast may be explained by the lack of 
temporal data and synchronization between the three data sets. It is possible that the 
phytoliths, OES, and fauna entered the cave, either by natural or anthropogenic means, 
 
23 The Nama-Karoo biome is characterized by a continental arid climate with a summer rainfall 
regime (70–500 mm mean annual precipitation) and extreme temperatures (-5oC in winter to 43oC 
in summer) (Mucina et al. 2006:326–328).  
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at a different time than the sediments. Given the constraints of dating methods, the 
temporal lag, if any, cannot be determined.  
Although this study only investigates sediments from the Earlier Stone Age, my 
interpretation of a full lake level at the end of the ESA is corroborated by a statement in a 
recent publication on the early Middle Stone Age (ca. 300 kya), which concludes that, 
“favorable conditions23F24 in the region persisted into the transition between the ESA and 
MSA.” (Chazan et al. 2020:303). Furthermore, self-supporting pelletal clay dominated 
layers were identified in the MSA deposits of Excavation 2 (Chazan et al. 2020:308–
310); and thus, it may be assumed that similar climatic conditions, specifically low 
fluctuating lake levels, were present at times during the early MSA.  
 
24 “Favorable conditions” in the sense of environmental and climatic conditions that could support 
a range of flora, fauna, and even hominins. 
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Figure 5.4 Summary of relevant data from the Earlier Stone Age sequence at 
Wonderwerk Cave. The inferred lake phases from this study are 
listed to the left of the profile next to environmental conditions 
reported using other paleoenvironmental proxies. The diagnostic 
stone tools for each archaeological stratum are displayed to the 
right of the profile.  
Artifact images from Chazan et al. 2012 and Berna et al. 2012, reproduced with 
permission. 
5.3. Comparing Wonderwerk to Lake Mungo 
The semi-arid climatic conditions of the Willandra Lakes region paired with the 
extensive study of playa lake sediments in lunette dunes and evidence of early human 
occupation make Lake Mungo a suitable reference site for studying paleo-playa lake 
deposits at Wonderwerk Cave. These similarities provide the opportunity to assess the 
accuracy of the methods applied to the samples from Wonderwerk Cave in this study. 
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The three types of clay pellets identified within playa lake deposits of the Willandra 
Lakes system (Type A: Clay flakes; Type B: Calcinsepic (calcitic speckled) pellets; Type 
C: Intergrade pellets (Dare-Edwards 1979, 1982)) occur at Wonderwerk Cave, with Type 
B: Calcinsepic (calcitic speckled) pellets as the most commonly occurring. Furthermore, 
the microlaminations illustrated in Figure 5.3 are similar to what Dare-Edwards (1979:34) 
and Bowler (1973:332) describe in their discussions on clay dune structures and 
bedding. These comparative observations strongly support my interpretation of the lake 
phases at Wonderwerk Cave. 
The comparison of my results with those from studies of Lake Mungo may help to 
estimate the time scale of the recurring lake phases for the lake in proximity of 
Wonderwerk Cave. Laminations such as the ones sampled in LU 4a-b (Figure 5.3) 
clearly illustrate that thin layers of distinct sediments that originated in the playa-lake 
system have been deposited in succession. Given the limitations of dating methods for 
such a scale, there is no way to directly measure the timescale at which these 
depositional events were occurring. Yet, a comparable sedimentary sequence from Lake 
Mungo provides some context on the temporal scale. A recent study of the Arumpo 
Member conducted by Barrows et al. (2020) found the existence of mm-thick microstrata 
composed of clay pellets throughout a 1-m-thick section of the lunette. The team 
estimates that 500–1,000 playa lake cycles may be recorded in this section, where the 
succession of lake filling and lake drying phases could have occurred over the course of 
a few years (Barrows et al. 2020:16). However, at Wonderwerk Cave it is important to 
note that the lamina deposited inside the cave have a different depositional history with 
respect to the lunette observed along the Willandra Lakes system.  
5.4. Assessing the Methods: Limitations and Potentials of 
the Protocol 
This study demonstrates the potential of micromorphology with an emphasis on 
grain size distribution for the study of cave deposits that serve for reconstructing the 
evolution of the local paleo-landscape for over a million years. The ability of this 
methodological approach to detect microstratigraphic shifts in sediment composition not 
achievable by other methods allows for more detailed environmental reconstructions to 
refine and supplement those conducted using other proxies. The successful application 
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of the protocol developed for Wonderwerk Cave provided the opportunity to study playa-
lake phases in relation to other paleoenvironmental and paleoclimatic proxies.  
5.4.1. Potentials 
The methods outlined in this study can be applied to several archaeological 
contexts to answer a variety of questions pertaining to microscale changes in 
sedimentation and depositional processes. As soil micromorphology is becoming 
increasingly common in archaeological investigations (Goldberg and Aldeias 2018:270) 
and being adopted in a variety of site types (e.g., becoming more common in consulting 
archaeology24F25) (Toffolo et al. 2019), it is easy to combine other micro-contextual 
analytical techniques into the process.  The simple protocol presented in this thesis for 
the semi-quantitative grain size distribution analysis using petrographic thin sections can 
be conducted alongside routine soil micromorphological analysis. The protocol I 
developed may be adjusted to fit the constraints of any given archaeological 
investigation and address different research questions. Since this type of analysis 
employs petrographic thin sections typically processed for soil micromorphology, 
sedimentology questions may be addressed (with some caveats) while maintaining the 
highest possible spatial resolution and without collecting additional samples. The 
reduction in sampling may be beneficial in situations where minimal impact to the site is 
desired, minimally invasive techniques are required, or there are budgetary constraints.  
The petrographic study of playa lake sediments may be used to reconstruct 
sediment sequences derived from periods of variability and stability of the lake system 
and thus of environmental and climatic conditions25F26. For example, periods of relative 
variability, such as fluctuating low lake levels were inferred from interbedded micro-
layers of clay pellets and sandy clay and periods of relative stability such as full lake 
levels were inferred from thick homogenous sand deposits (Figure 5.1). These types of 
 
25 Several geoarchaeology and environmental consulting firms, offering micromorphology, operate 
in the United Kingdom and United States of America (e.g., Lang Geoarchaeology, GAI Consultants) 
26 In a study of lunette dunes on the Southern High Plains of northwest Texas and eastern New 
Mexico that combined sediment data, radiocarbon dating, and stable-carbon isotope data, Vance 
T. Holliday (1997) was able to distinguish between and suggest periods of stability and instability.  
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information can contribute to the contextualization and interpretation of archaeological, 
paleoclimatic, and paleoenvironmental data.  
Furthermore, aspects of the research presented in this thesis can aid in pursing 
questions directed at the models of hominin evolution presented in section 2.1. For 
example, if the inferred playa lake phases, are considered in combination with indicators 
of local ecological factors (i.e., flora and fauna), it may have the potential to explore 
outstanding questions related to habitat-based hypotheses of hominin evolution at the 
site-specific level. With additional research my data could show that throughout the ESA 
at Wonderwerk Cave, the environmental and climatic conditions are more complex (i.e., 
fluctuating water levels on the short timescale and general fluctuations in conditions over 
longer time scales) than the Savanna Hypothesis encompasses (i.e., unidirectional shift 
from forested landscape to open grasslands). The results of this research show that 
oscillating lake levels occurred throughout this period, sometimes extensively, which 
supports previous studies at Wonderwerk Cave that challenge the notion of early 
hominin evolution occurring primarily as adaptations to arid savanna environments 
(Ecker et al. 2018:1084–1085). 
5.4.2. Limitations and Considerations 
The methodology presented in this thesis had success with identifying paleo-
playa lake sediments in the sedimentary column at Wonderwerk Cave. However, there 
are many factors to consider and challenges that must be acknowledged. The 
complexity of the archaeological deposits used to test this methodology present some 
challenges. The sediments in this study came exclusively from inside Wonderwerk Cave 
since in the local landscape today there are not obvious traces of the playa lake features 
or lunette dunes. Given that I was not analyzing sediment samples collected directly 
from local lunettes, as is the case in other studies of paleo-playa lake systems, it is 
challenging to accurately reconstruct the depositional sequence of events (e.g., distance 
of transport, and scale and timing of deposition) that lead to the formation of the 
sedimentary deposits inside Wonderwerk Cave. It appears that the secondary deposition 
of playa lake sediments, particularly those preserved inside caves, is a topic that has not 
been explored. In fact, it is very possible that the playa lake sediments were deposited 
directly into the cave and not secondarily derived from a lunette dune. It is important to 
acknowledge that there is an unknown delay between the timing of the playa lake phase 
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and the deposition of the sediments in the cave. These sediments may be derived from 
a combination of depositional stages that include direct deposition in the cave, 
intermediate deposition in a lunette dune, dunes forming directly in front of the cave and 
creeping in the cave, and re-deposition inside the cave by non-aeolian processes. The 
distance of the cave from the lake shore and the dominant wind direction and wind 
strength should also be considered.  
It should be recognized that not all lake level changes are recorded in sediments 
and sediments produced by the lake may have never reached the cave. The 
stratigraphic profile in Excavation 1 displays evidence for sedimentary gaps in the form 
of erosional contacts and surface crusts indicating periods of erosion and non-deposition 
(Chazan et al. 2008:4; Goldberg et al. 2015:639). Additionally, environmental and lake 
level changes were likely occurring at rates not detectable in the microstratigraphic 
record preserved inside the cave.  
As discussed in section 2.3, cave environments are prone to trap sediments. 
However, biological, physical, and chemical processes operating inside caves, such as 
water reworking and calcification, add levels of complexity to the analysis that need to be 
addressed (Mallol and Goldberg 2017:360). In extreme cases, the signature of the 
parent material may even be completely erased (Mallol and Goldberg 2017:375).The 
effects of diagenesis and erosional events characteristic of cave systems complicates 
the picture at Wonderwerk Cave. It is clear in LU 9a and LU 7 that substantial diagenesis 
has occurred, obscuring the original depositional characteristics. Furthermore, it is 
difficult to conclusively distinguish the evaporite minerals, specifically carbonates, 
produced in the playa lake cycle from those precipitated in the cave through karstic 
processes.  
The observed graphical grain size distribution trends are not as clear as 
expected regarding full and dry lake phases. Based on the relationship of distance 
travelled and grain size discussed in section 3.2, I would expect a lake full phase to have 
a greater proportion of sand-sized grains and a dry lake phase to have a greater 
proportion of silt- and clay-sized grains. However, this trend was not obvious in the 
samples from Wonderwerk Cave. This may be a result of the overestimation of clay-
sized grains, which could be influenced by three factors. First, the introduction of 
precipitates from karstic environments and diagenesis of minerals (i.e., carbonates and 
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phosphates) may result in the accumulation of fine-grained particles inside the cave 
leading to this overestimation of clay-sized grains. Second, I must acknowledge that the 
size of clay grains is beyond the resolution of the petrographic microscope disallowing 
the identification of individual grains and pore space. As a result, the proportion of clay-
sized material is commonly overestimated in thin section analysis (Murphy and Kemp 
1984). Clay pellets and clay aggregates may also slake and disaggregate when exposed 
to water, which may contribute to an overestimation of clay sized grains in some 
samples and skew the results (see Figure 3.3-B and Figure 4.23-C/D) (Dare-Edwards 
1979:31–31, 1982:182–183; Jankowski et al. 2020:7). Third, I must consider that the 
physics of windblown sand change as sediments enter the cave environment resulting in 
a greater accumulation of silt and clay sized grains compared to lunette dunes. The 
finer-grained materials would normally be transported greater distances, but the drastic 
reduction in wind velocity caused by the cave results in the contemporaneous deposition 
of fine-grained and coarse-grained material.  
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Chapter 6.  
 
Conclusions  
The goal of this study was to develop and test a protocol that utilized 
micromorphology and grain size distribution analysis (i.e., particle size analysis, 
mineralogy) of thin sections to identify and interpret paleo-playa lake phases preserved 
in intact archaeological deposits. To assess the potential of this method, I applied this 
systematic procedure to thin sections collected from the Earlier Stone Age deposits from 
Excavation 1 at Wonderwerk Cave, South Africa, where a playa lake system existed in 
the proximity of the cave throughout the Pleistocene. The results of the study show that 
sediments compatible with different playa lake phases may be distinguished through 
micromorphology and grain size distribution analysis, and that this protocol can be used 
to investigate the evolution of lake phases over time.  
The specific objectives of this thesis were to: 
1) Develop a systematic protocol to identify playa lake derived sediments in 
archaeological deposits using petrographic thin sections;  
2) Create a model to interpret phases of the playa lake cycle using data derived 
and/or observed from petrographic thin sections; 
3) Test the protocol and the model using thin sections from the Earlier Stone 
Age deposits in Excavation 1 at Wonderwerk Cave, South Africa to identify 
specific lake phases; and 
4) Assess the limitations and potential of the methods.  
The systematic protocol and the model were developed following a literature 
review of playa lake systems. I designed the protocol, drawing on methods and 
techniques from micromorphology, geology, and sedimentology, to isolate 
sedimentological criteria indicative of the playa lake hydrological phases.  
To test the ability of my protocol to detect and trace the playa lake sediments, I 
used a selection of thin sections from the lithostrata in the north and east profiles of 
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Excavation 1 at Wonderwerk Cave. This preliminary test was limited to a selection of 
samples that showed the best preservation and can be considered representative of a 
given lithostratigraphic unit. Nevertheless, diagenetic activity in some lithostratigraphic 
units erased the sedimentological characteristics attributable to any playa lake phase 
(i.e., 9a, 7, 6b, 1c). Thus, my preliminary reconstruction of the playa lake phases at 
Wonderwerk Cave shows some obvious gaps (see Figure 5.1).  
The identification of sediments associated with specific playa lake phases, which 
were preserved in Wonderwerk Cave, was based on three primary factors:  
1. Mineral composition, specifically the observation of evaporative minerals, 
quartz grains, and presence of clay pellets; 
2. Average grain size distribution expressed as percent volume; and 
3. The ratio of clay pellets to quartz grains. 
Additionally, micromorphological observations (i.e., texture, sorting, microstructure, c/f 
related distribution), field observations (i.e., colour, boundaries, erosional features, 
macro inclusions), and post-depositional features (i.e., calcite cementation, diagenetic 
phosphate, clay coatings) were considered alongside these data to support the 
interpretations. To infer playa lake phases from the micromorphological and grain size 
distribution characteristics for each lithostratigraphic unit, I created a model that listed 
specific criteria of the sedimentary characteristics, evaporative minerals, and dune type 
associated with each phase. This “model” was based on a synthesis of data, results, and 
observations obtained from studies on playa lakes.   
The potential of my protocol and model were further explored by comparing the 
playa lake phase interpretations for the Wonderwerk Cave sequence to similar studies 
conducted at Lake Mungo (Barrows et al. 2020; Bowler 1973; Dare-Edwards 1979, 
1982; Jankowski et al. 2020) and to results generated from other environmental proxy 
data at Wonderwerk Cave (Chazan et al. 2012; Ecker et al. 2018, 2015; Rossouw 2016). 
The results of my study demonstrated similarities with those from Lake Mungo, such as 
the existence of microlaminations and bedding. Furthermore, this comparison provided 
insight on the temporal scale at which these microscale sedimentary changes (i.e., mm- 
to cm- thick microlayers/microfabric units) may represent shifting lake phases.  
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My playa lake phase interpretations in the Earlier Stone Age deposits at 
Wonderwerk Cave showed relative concordance with previous micromorphological 
observations and paleoenvironmental reconstructions of the ESA sequence at 
Wonderwerk Cave (Berna et al. 2012; Ecker et al. 2015, 2018; Goldberg et al. 2015; 
Rossouw 2016). The interpretation of conditions throughout archaeological Strata 12 to 
10 were similar, whereas major differences were found to exist across interpretations for 
archaeological Stratum 9. In Stratum 12, I reported a full lake phase followed by a dry 
phase and finally a period of fluctuating lake levels, which correspond with warm, mesic 
to arid conditions reported in other studies. The oscillating lake levels I inferred at the 
end of Stratum 12 and sustained full lake phase throughout Stratum 11 align with the 
shift from warmer arid conditions to cooler more humid conditions as suggested by 
Ecker et al. (2018) and Rossouw (2016). My interpretation of fluctuating low lake levels 
followed by full lake levels at the top of Stratum 9 partially contrast the warm arid 
conditions reported in previous studies (Ecker et al. 2018; Rossouw 2016). The methods 
employed in this thesis offer another high-resolution proxy for the accurate 
reconstruction of the environmental conditions contemporaneous to a given 
archaeological stratum.  
This comparison proved the usefulness of micromorphology and grain size 
distribution analysis in detecting periods of variable environmental conditions, which may 
be averaged out by other paleoclimate proxies, such as phytoliths or oxygen and carbon 
isotope data. Understanding the degree of variability versus stability of environmental 
conditions and the degree of aridity versus humidity throughout the Earlier Stone Age is 
important to the discussion on the drivers of hominin evolution. The results of this thesis 
contribute to a refined reconstruction of the local paleoenvironment at Wonderwerk Cave 
and provide some insight into the degree of landscape variability and degree of aridity 
throughout the early Pleistocene. Wonderwerk Cave may thus be added to the growing 
number of archaeological sites used to explore whether or not hominin adaptation was 
occurring in the context of variable and fluctuating environments (i.e., Mosaic 
Environment Hypotheses) (Bobe and Behrensmeyer 2004; Kingston 2007; Potts 1998b; 
Reynolds et al. 2011; Trauth et al. 2010). 
Several limitations of the protocol were identified throughout this study. Despite 
the attempted integration of a more “sedimentological” approach to micromorphological 
thin section analysis (i.e., thin section grain size distribution analysis and mineral 
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identification), the particle size limits used, following Georges Stoops (2003:49), do not 
all translate to the phi scale. This discrepancy limits the ability to create adequate 
cumulative curve graphs and subsequently compare them to other standardized grain 
size analysis studies. Furthermore, the added complications of diagenesis in cave 
environments led to the increased difficulty of interpreting grain size distribution data. In 
general, the post-depositional changes to the sediment in the cave resulted in the 
breakdown of coarse materials and/or the addition of fine-grained particles and minerals 
leading to an over estimation of the fine component and ultimately skewing the grain size 
distribution.  
Nevertheless, the use of micromorphology in combination with grain size 
distribution analysis proved useful in detecting microscopic changes in sediment 
composition associated with playa lakes not observable using other common 
sedimentology and micromorphology methods. Common methods employed in 
sedimentology, such as bulk and loose samples, result in the ‘lumping’ of microfabric 
units as they may not be obvious in the field. These methods typically produce an 
averaged result, which is not suitable for detecting the microscale changes in sediment 
composition produced by playa lakes or understanding the complexity of cave deposits. 
Additionally, this high-resolution approach has the potential to refine and contribute to 
environmental and sedimentological reconstructions conducted using other methods.  
This research contributes valuably to the large body of multi-disciplinary work 
being conducted at Wonderwerk Cave. In particular, the approach illustrated in this 
thesis can contribute to the foundation for understanding the relationship between early 
hominin occupation of the cave and phase of the paleo-playa lake. Pending future high 
precision excavation and detailed analysis of previously excavated archaeological 
material (e.g., lithics, and micro- and macro-fauna) the evolution of the playa lake may 
be synchronized with a measurement of hominin occupation density. This 
synchronization may be used to explore the nature of the relationship between hominins 
and lake margin settings at Wonderwerk Cave. Furthermore, this research can be 
expanded upon through the continued investigation of lake presence throughout the 
Middle Stone Age.  
In sum, the results of this thesis demonstrate the possibility to use petrographic 
thin sections to perform fine grain particle size analysis to infer changes in the paleo-
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playa lake system at Wonderwerk Cave. The analytical protocol I developed was 
successful at identifying re-deposited playa lake derived materials according to a specific 
set of sedimentological criteria that correspond to shifting hydrological conditions and 
depositional process. The methods employed and protocol I developed reinforce the 
notion that the use of petrographic thin sections goes beyond simple micromorphological 
observations and may additionally be used for several other applications (i.e., grain size 
distribution analysis).  
6.1. Future Directions  
As this thesis reveals, thin section grain size distribution analysis shows great 
potential for application in archaeological investigations of extant playa lake systems; 
however, it needs to be further refined and tested. The methodology focuses on particle 
size limits commonly used in soil micromorphology and petrography (Table 3.4). 
However, in the future the particle size limits used in sedimentology (i.e., Wentworth phi 
scale) should be followed. The use of the Wentworth scale would divide the silt size 
class (as defined in Table 3.4) into several categories, where each size class 
corresponds to the phi scale, which is particularly important when building cumulative 
curves and ensures comparability to other studies (see below). 
The next step in developing this methodology would be the use of image analysis 
software, such as ImageJ or JMicrovision, to estimate grain size distribution. Employing 
such image analysis software, as opposed to visual estimates, will contribute to 
increased accuracy and quantification. Furthermore, the grain size distribution results 
estimated from thin section should be compared to corresponding results determined 
through bulk loose sediment sampling. Such comparison will help to determine the 
accuracy of estimating grain size distribution from thin section with the methods used in 
this protocol and may be used to calculate a rate of error. Given the added complexity of 
cave environments present at Wonderwerk Cave, this protocol should also be further 
tested with samples collected from lunette dunes. 
The presentation of data estimated using particle distribution analysis should also 
be further explored for its potential to detect sediments associated with paleo-playa lake 
phases. In this thesis, the ratio of pelletal clay and quartz grains were explored. 
However, the percent composition of other minerals should not be overlooked for their 
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potential to indicate lake phases. Similar to grain size distributions, the graphical 
representation of the average percent of all minerals present in a LU may lead to the 
identification of trends and patterns that may be used to infer playa lake phases. The 
accurate identification of targeted minerals beyond the resolution of the optical 
microscope would require the use of XRD, mFTIR or SEM. Furthermore, the 
presentation of grain size distributions as cumulative curves should be explored for its 
potential. The accurate representation of data in this format would require the break 
down of silts into separate size classes, as mentioned above. Cumulative curves not 
only allow for increased compatibility to methods employed in sedimentology, but can be 
used for further statistical analysis, such as kurtosis and percentiles. These statistics 
may then be used to look for more trends and patterns in the data to detect sediments 
representative of playa lake phases.  
Further investigation and documentation of the many erosional contacts that can 
be seen across the north and east profiles need to be conducted to better understand 
what this means in terms of paleoenvironmental conditions and playa lake levels (see 
Figure 3.1; Appendix A). The erosional contacts indicate both temporal gaps and 
reworking of the sediments, which could have erased, relocated, or otherwise modified 
the playa lake sediments. Moreover, future work at Wonderwerk Cave should explore 
the origins of non-aeolian sediments inside the cave. Many of the samples observed 
show poorly sorted textures, which are not characteristic of windblown sediments. The 
mix of grain sizes in these thin sections implies that there are several mechanisms 
depositing these sediments in the cave. This study focused on aeolian sediments 
deflated from the playa lake surfaces and further inquiry into additional sedimentation 
processes (e.g., sheetwash, gravity, trampling, anthropogenic input) should be 
conducted to identify other sources of sediment and reworking mechanisms in the cave. 
The connections between playa lake phases and paleo-landscape and ecological 
conditions are rudimentary in this study. These correlations are primarily meant to 
illustrate the potential of paleo-playa lake system reconstruction for exploring and 
understanding the role that environmental conditions may have played in the evolution 
and adaptation of early hominins. Further research regarding the ecology of playa lakes 
should be conducted in the future. Additionally, other paleoenvironmental proxy data, 
such as flora and fauna, recovered from the Earlier Stone Age deposits in Excavation 1 
at Wonderwerk Cave should be incorporated with the inferred playa lake phases to 
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provide a more comprehensive interpretation of the local landscape conditions that 
persisted throughout the early Pleistocene.  
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Appendix A   
 
Location of Thin Sections on the North and East 
Profiles of Excavation 1 
 
Figure A.1 A cropped image of the East profile of Excavation 1 is on the left and 
a cropped image of the North profile is on the right. The approximate 
location of sampled soil micromorphology blocks are indicated by 
the boxes. The black indicates samples collected in 2005, white 
2011, and yellow 2013. The number beside the box indicates the 
micromorphology block and thin section ID number.  
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Appendix B  
 
Ratio of Clay Aggregates to Quartz by 
Lithostratigraphic Unit 
Table B.1  Ratio pelletal clay to quartz grains by Lithostratigraphic Unit. This 






8a 49.37 50.63 14.68 
5b 9.26 90.74 6.93 
4b-c 6.67 93.33 9.43 
4b-a μFU2 71.67 28.33 11.67 
4b-a μFU1 68.46 31.54 8.46 
4a-b μFU8 93.15 6.85 0** 
4a-b μFU6 97.14 2.86 0** 
4a-a 85.16 14.84 5.62 
2b 60.71 39.29 10.71 
* By percent volume of 100x photomicrograph. 
** Calculation based on one set of results only. 
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Appendix C  
 
Mineral Composition 
Table C.1 Average mineral composition of subsamples by lithostratigraphic 
unit or microfabric unit.  
Unit  Quartz Calcite Clay 
Clay 
Pellets Other  SD* 
9c 66.67 0.00 28.33 0.00 5.00 2.49 
9b 38.33 3.33 51.67 0.00 6.67 1.89 
9a 5.00 2.50 2.50 0.00 90.00 2.00 
8 37.67 12.67 23.33 24.67 1.67 5.49 
7 15.00 1.33 2.67 0.00 81.00 0.88 
6a 42.33 0.00 49.33 1.67 6.67 1.54 
5c 33.33 0.00 20.00 1.67 45.00 4.70 
5b 41.67 0.00 48.33 4.33 5.67 1.57 
5a 30.33 0.00 66.67 0.00 3.00 5.01 
4b-c 43.33 0.00 38.33 3.33 15.00 3.17 
4b-b 35.00 0.00 50.00 0.00 15.00 4.63 
4b-a µFU 3 25.00 15.00 15.00 0.00 45.00 8.00 
4b-a µFU 2 15.00 17.50 27.50 40.00 0.00 4.00 
4b-a µFU 1 22.50 4.00 20.00 47.50 6.00 5.00 
4a-b µFU 9 15.00 15.00 60.00 0.00 10.00 N/A 
4a-b µFU 8 5.00 20.00 5.00 68.00 2.00 N/A 
4a-b µFU 7 10.00 15.00 65.00 0.00 10.00 N/A 
4a-b µFU 6 2.00 20.00 5.00 68.00 5.00 N/A 
4a-b µFU 5 10.00 5.00 50.00 0.00 35.00 N/A 
4a-b µFU 4 55.00 30.00 5.00 0.00 10.00 N/A 
4a-a 10.00 16.67 10.00 56.67 6.67 2.23 
3 38.33 0.00 57.67 0.00 4.00 1.17 
2b 22.50 5.00 27.50 37.50 7.50 5.00 
2a 48.33 16.00 25.00 0.00 10.67 3.24 
1b 35.00 41.67 16.67 0.00 5.00 1.41 
1a 26.67 31.67 26.67 0.00 15.00 5.81 





Appendix D   
 
Thin Section Macroscans and Associated 
Micrographs 
 
Figure D.1 Left: Macroscan of thin section WW05-11B with micrograph 
locations indicated by the black boxes; Centre: PPL micrographs 
included in this study with the sample number indicated to the left; 
Right: corresponding XPL micrograph. The red arrow points to finely 
laminated quartz sands and silts, and the yellow arrow to bedded 
clasts of ironstone and dolomite indicating these sediment were 
deposited and/or reworked by water. The scale is 500 μm. 
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Figure D.2 Left: Macroscans of thin sections WW05-10A (top) and WW05-10B 
(bottom) with micrograph locations indicated by the black boxes; 
centre: PPL micrographs included in this study with the sample 
number indicated to the left; right: corresponding XPL micrograph. 





Figure D.3 Left: Macroscan of thin section WW05-09 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 
corresponding XPL micrograph. The scale is 500 μm. 
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Figure D.4  Left: Macroscan of thin section WW05-08 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 
corresponding XPL micrograph. The scale is 500 μm. 
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Figure D.5  Left: Macroscan of thin section WW05-08 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the number sample indicated to the left; right: 
corresponding XPL micrograph. The scale is 500 μm. 
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Figure D.6  Left: Macroscan of thin section WW11-01 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the number sample indicated to the left; right: 
corresponding XPL micrograph. The red arrow points to the 




Figure D.7  Left: Macroscan of thin section WW11-24 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 
corresponding XPL micrograph. The scale is 500 μm. 
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Figure D.8 Left: Macroscan of thin section WW11-02 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 
corresponding XPL micrograph. The scale is 500 μm. 
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Figure D.9 Left: Macroscan of thin section WW11-02 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 
corresponding XPL micrograph. The scale is 500 μm. 
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Figure D.10 Left: Macroscan of thin section WW11-05 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 




Figure D.11 Left: Macroscans of thin sections WW05-06A and WW05-07A with 
micrograph locations indicated by the black boxes; centre: PPL 
micrographs included in this study with the sample number 
indicated to the left; right: corresponding XPL micrograph. The scale 




Figure D.12 Left: Macroscan of thin section WW05-04 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 
corresponding XPL micrograph. The scale is 500 μm. 
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Figure D.13 Left: Macroscan of thin section WW11-10A with micrograph 
locations indicated by the black boxes and μFU denoted by the 
yellow numbers (4–9); centre: PPL micrographs included in this 
study with the μFU indicated to the left; right: corresponding XPL 
micrograph. The scale is 500 μm. 
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Figure D.14 Left: Macroscan of thin section WW11-08 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 




Figure D.15 Left: Macroscan of thin section WW11-06 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 




Figure D.16 Left: Macroscan of thin section WW05-02B with micrograph 
locations indicated by the black boxes; centre: PPL micrographs 
included in this study with the sample number indicated to the left; 




Figure D.17 Left: Macroscan of thin section WW05-01 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 




Figure D.18 Left: Macroscan of thin section WW05-01 with micrograph locations 
indicated by the black boxes; centre: PPL micrographs included in 
this study with the sample number indicated to the left; right: 




Figure D.19 Left: Macroscan of thin section WW13-79A with micrograph 
locations indicated by the black boxes; centre: PPL micrographs 
included in this study with the sample number indicated to the left; 








Appendix E   
 
Unconsolidated Sample of Clay Pellets from 
Excavation 1  
 
Figure E.1  (A) Picture showing the location of loose sediment sample WW19-
07. Located on the North Profile of Excavation in archaeological 
stratum 10, approximately LU4b-a; (B) Microphoto of sediment from 
WW19-07. A quartz grain is indicated by the black arrow and 
examples of pelletal clay grains are indicated by the red arrows; (C) 
Microphoto of a single clay pellet to provide an example of shape 
and appearance of grains as they appear naturally in the sediment.  
